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INTRODUCTION

Thethird collectionof "TheEffectoftheGasMediumandPressureon
BodyFunctions"containstheresultsof furtherwork-upof theproblem
of theeffectonthebodyof increasedandreducedtotal andpartial pressures
of variousgasesin ordinaryair, aswell asartificial gasmixturesusedin
deepwaterdescents.A characteristicfeatureof this collectionis themajor
placeaccordedto investigationsonproblemsassociatedwithbeingunder
conditionsof increasedpressure. Specifically,themajority of articles in
this collectioncontainmaterialonthestudyof caissondiseasephenomena,
whichareamongthemostdangerousconsequencesof increasedpressure
onthebody and for many decades have interfered with man's exploration
of the deep.

Tremendous progress has been made in exploration of great depths in
the last 40 years, due mainly to the work of Haldane and his co-workers.

Taking the physical phenomenon of super saturation of fluids with gases as

a basis, he determined the permissible supersaturation coefficient as applied

to coming out from under pressure and introduced the concept of time and

dynam!:cs of nitrogen saturation and desaturation of various body tissues.

From this he calculated and substantiated decompression regimes neces-

sary to prevent caisson disease in divers emerging from depths as low as

30 and then 62 m. In a pressure chamber, and then in practicalunderwater

descents, he further checked and clarified the coefficients and conditions

for the dives, chiefly empirically, The decompression routines he sug-

gested eliminated completely the occurrence of caisson disease in divers

and gave a powerful impetus to the development of diving practice.

A group of scientific workers headed by Academician L. A. Orbeli greatly

contributed to this work. On the basis of Haldane's statements about super-

saturation coefficient and time of nitrogen desaturation of the tissues, the

Soviet scientists worked out routines for safe descents to depths of 100 m

with the use of air. In order to avoid the toxic effects of nitrogen and oxygen,

deeper descents were made using artificial gas mixtures with reduced per-

centages of oxygen and helium replacing the nitrogen; thereby great prac-

tical progress was achieved. The group's main initial task was making

possib:Le increased depth of descent, and the conditions for this were worked

out empirically for the most part: the limits of permissible supersaturation

were determined in a pressure chamber and during practical underwater

descents with respect to the occurrence of precursors of decompression

disorders in man. Therefore, despite the exceptional practical achieve-

ments, the theoretical work-up of the problem was inadequate, and

remains so.

The next work period of our group was given over to a manifold,

detailed theoretical investigation and determination of some rules and

regulations which are of great importance for diving practice. The prime



problemswere: determiningtheexactsupersaturationcoefficientsfor
variousfluids andgases,andthe"significanceof regularitiesfoundin
caissondisease;elaboratingpreciseterminologydefiningconceptsof
limiting, permissibleandsafesupersaturation;andresolvingwhether
supersaturationis determinedbytheratio of thetensionofthe indifferent
gasto thetotal pressureafter decompressionor bythedifferencebetween
thesemagnitudes.Oneof thepapersof this series, writtenbyA.P.Brest-
kin, wasincludedin thesecondcollectionof "TheEffectof the Gas

Medium and Pressure on Body Functions."*

Along with the determination of the coefficients and periods of saturation
and desaturation of various tissues, the important question arose of the

physiological effects of gas bubbles {which are the cause of caisson disease}

on the various body functions. It remained for us to determine where gas

formation primarily occurs in the body, the fate of the gas bubbles formed,

respiratory and circulatory reactions to the bubbles and their significance

in the body's fight against caisson disease, and finally, whether or not it

is possible to increase body resistance to decompression disorders.

Diving practice shows that safety of decompression conditions depends

to a considerable degree on the temperature conditions during the diver's

stay below and during decompression.
Also included in this collection is an article by 7,. S. Gusinskii and

A.I. Shvarev describing a particular case of caisson disease phenomena

and the elimination of their consequences.

Finally, the collection includes a paper by B.A. Nessirio in which data

is presented on the unique training given for conditions of underwater work.

The results of our group's active work-up of the problem of the toxic

effect of oxygen have an important place in the collection. In contrast to the

phenomena of caisson disease the toxic effect of oxygen was determined

scientifically by P. Ber under laboratory conditions. Therefore, the study

of its effect on the body was experimental and of a theoretical nature from

the very beginning. The literature on the subject is represented by many

sources, most of which deal with the mechanism of oxygen-induced con-

vulsions and the local effect of oxygen on the pulmonary epithelium. At

the same time, of great theoretical interest and practical significance

are the various functional changes in divers when the oxygen effect is not

accompanied by convulsions.

The question of the mechanical effect of sharp drops in pressure is
new to our collections. In the article by V. N. Zvorykin, A.A. Koreshkov

and P.A. Mal'kov a study was made of the reflex effects of increased

pressure in the gastrointestinal tract on the respiratory and circulatory

functions. This phenomenon occurs when a personis rapidly elevated, and it

therefore is of undoubted significance for aviation. In the case of under-

water descents with self-contained breathing apparatuses, a rapid rise to

the surface is connected with excessive increase in pulmonary pressure

and rupture of the alveoli. Until recently, this phenomenon, not uncom-

monly encountered in practice, was practically uninvestigated experimental-

ly, as a result of which conditions for the occurrence of pressure trauma
and the mechanism of the associated functional disorders were not clari-

fied, and measures for eliminating them were not substantiated. The

three papers by Yu. M. Polumiskov included in the present collection fill

this gap to a certain degree. The late manifestation of pressure trauma

* Funkmii organizma v usloviyakh izmenennoi gazovoi sredy.



to the lungs and the favorable results of the therapeutic recompression

used are of theoretical and practical interest.

The other articles in the collection are separate papers, most of them

continuations and developments of the study published in the first two

collections. Particularly noteworthy are the articles by B.A. Vinokurov

and Zan Dok Men, illustrating the very different conditions of higher

nervous activity during extreme rarefaction of the atmosphere in accord-

ance wi'th the biological significance of the Unconditioned stimulus and the

conditioned reflexes worked out on its basis, and papers by P. V. Obla-

penko in which a fine physiological analysis of the body's reactions tounusual

respiratory conditions -- increased air or oxygen pressure in the respira-

tory tract -- is presented.
Aside from their definite theoretical significance, this data is of direct

practical interest for aviation.

M.P. Brestkin
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A. I. Aleksandrov and A. P. Brestkin

THE PERMISSIBLE SUPERSATURATION COEFFICIENTS IN HUMAN

BEINGS BREATHING AIR AND A HELIUM-OXYGEN MIXTURE

(O koeffitsientakh dopustimogo peresyshcheniya u lyudei pri

dykhanii vozdukhom i gelio-kislorodnoi s mes'yu)

It ha,,_ been determined {Brestkin, 1958} that nitrogen forms more stable

supersaturated liquid solutions than helium. Thus, in nitrogen-water solu-

tions the supersaturation coefficient (SC) varies from 4.11 to 4.56; in

helium-water solutions, from 2.03 to 2.43. In this connection it was

interesting to determine the permissible supersaturation coefficient (PSC}

in human beings breathing air and a helium-oxygen mixture.

Our investigation is of definite practical, as well as theoretical

significance, since the PSC underlies the calculation of the decompression
conditions. At the time of our experiments in 1950 there was no

experimental data in the literature on PSC values in human beings breathing

a helium-oxygen mixture. The values of the PSC used in calculations of

deepwater helium-oxygen decompression conditions were determined mathe-

matical:ty by the results of practical descents by divers to great depths, and

should therefore be regarded as arbitrarily calculated figures.

Method

\
\

The values of the PSC were determined in eight professional divers,

from 20 to 26 years of age, and in the authors of this work, 28 and 38

years old. The investigation was made in a large pressure chamber, Four

subjects participated simultaneously in the same experiment.

The subjects were given an indifferent gas at a given pressure for 6 hrs.

At the end of this time, which was considered adequate for 100% saturation

of the body with gas, the pressure in the chamber was reduced to normal

for 1 rain. During the next 18 hrs the subjects were under observation in

a pressurized laboratory. If no symptoms of decompression sickness oc-

curred in them, after 3 days a similar experiment was performed with a

pressure of 1.5 m of water above the previous.

Such a gradual increase in pressure from experiment to ex

was continued until one of the subjects showed distinct signs of caisson

disease after decompression. The value of the pressure in this latter

case w_s considered the limiting pressure for the subject. With the

occurrence of severe signs of decompression sickness, the subject im-

mediately was subjected to therapeutic recompression. The therapeutic

recompression was conducted even when mild but persistent symptoms
occurred.



ThePSCwascalculatedfrom thefollowingformula:

Ptot. n _- p_..20PSC =
100.1 1

where Ptot is the total limiting pressure in atmospheres, i.e., after a

six-hour period at this pressure the subject developed signs of

decompression sickness;

n is the percentage of the indifferent gas in the inhaled air;

P0 is the tension of the indifferent gas in the body tissues, which

was numerically equal to its partial pressure in the inhaled gas

mixture after a six-hour period under pressure, that is, equal

to _; and

1 is the ambient pressure in arm after decompression.

Before the experiment the chamber was half-filled with water, ranging

in temperature from 11 to 14 °. During the experiment the subjects,

dressed in warm underwear and diving suits, sat up to their chests in water

for the entire 6 hours, without doing any work. On observance of standard

experimental conditions, each subject breathed through the mouthpiece of

the light diving apparatus in both the helium-oxygen gas-mixture and air

experiments. These apparatuses were filled from a transportable tank

through a collector with bypasses.

To keep the composition of the inhaled air constant, the subjects

replaced the gas mixture in the breathing bag of the apparatus once every

5 rain. Gas-mixture composition was checked by analysis of gas samples

on a Haldane apparatus; these samples were taken from the breathing bags

every 15 rain, Usually the oxygen content of the breathing mixture ranged

from 21 to 18%; that of nitrogen and helium, from 79 to 82%.

Every 3 hrs the subjects substituted the apparatuses for several seconds,

because with longer use the chemical absorbent may not completely remove

the carbon dioxide from the breathing mixture.

Results of the Experiments

According to the data given in the table, the limiting pressure on breath-

ing air was 2.95 atm for all 8 subjects. After a 6 hour stay under this

pressure all subjects developed severe itching of the skin; In addition,

joint pains occurred in two subjects 10 and 15 hrs after decompression.

Therapeutic recompression was performed on one of the patients. There-

fore, it may be considered that the PSC of nitrogen* is 2.95 • 81.4 _ 2.40,
100. 1

where 81.4 is the nitrogen content of the inhaled air in percent (according

to an analysis of the breathing- apparatus sample).

On breathing the helium oxygen mixture the limiting pressure in three

subjects was equal to 3.25 atm. Shortly after coming out from under

pressure they complained of severe joint pains, but skin itchiness was

absent; objectively they showed dyspnea and sweatiness. Therapeutic

* For convenience of presentation, the PSC on breathing air will be called the PSC of nitrogen, that on
breathing helium-oxygen mixture, the PSC of helium.



recompl._ession was performed on two of them. The other five subjects

showed no signs of decompression sickness, and evidently for them the

limiting pressure was somewhat more than 3.25 atm. However, we

refrained from using any further pressure increase because of the

possible occurrence of severe symptoms of decompression sickness.

3.25.82

Therefore, the PSC of helium is equal to 100 = 2.66, where 82 is

the helium content in the breathing mixture in percent.

Experimental data for determining the PSC

Pressure

in m of water

112.5

1.4.0

15.5

16.5

18.0

19.0

in atm.

2.25

2.40

2.55

2.65

2.8

2.95

iPartial pressure

Number of of indifferent

subjects gas (in atm)

On breathing air

5

2

2

2

6

8

Cases of occurrence

of decompression

symptoms

1.78-1.86

1.90

2.01

2.08

2.21-2.32

2.36-2.40

Absent

2 ( itching of the skin)

8

12.5

14.0

15.5

16.5

18.0

19.5

21.0

22.5

On breathing the helium-oxygen mixture

2.25

2.40

2.55

2.65

2.8

2.95

3.10

3.25

8 1.91-2.02

4 1.86

4 2.09

4 2.13

4 2.33

4

4 2.46

8 2.65-2.67

Absent

The values established for the PSC characterize resistance of the

subjects to decompression sickness under conditions of a 6 hour stay

under pressure in cold water without physical exertion.

Discussion of Results

As shown by the results given in the table, the PSC of helium is

greater than that of nitrogen, whereas, according to the data of A. P.

Brestkin indicated above (1958) the SC of nitrogen is greater than that

of helium.

The question arises as to why nitrogen, which forms more stable super-

saturated solutions with fluids, has a lower PSC value than helium. This

discrepancy is explained chiefly by the fact that the SC and PSC are

different in their nature. As is well known, the SC is the ratio of the

tension of an indifferent gas in solution to the ambient pressure at which

the first gas bubbles are formed, whereas the PSC is the ratio of the



tension of the indifferent gas in the body tissues to the ambient pressure

at which the first signs of decompression sickness occur.

The classical experiments of N. I. Pigorov (1852) and V.V. Pashutin

(1881) with the injection of air into the blood vessels of dogs indicate

convincingly that the bubbles of an indifferent gas formed in the body in

small quantities fail to produce any functional disorders, and are readily

eliminated by the body. The mechanism of elimination of the free

indifferent gas from the blood stream was analyzed by A. P. Brestkin (1954).

This data indicates that signs of decompression sickness occur only

when a relatively large quantity of free indifferent gas is formed, which

the body can eliminate only with great difficulty or cannot eliminate at all

without the timely use of therapeutic recompression.

Therefore, the PSC is a more complicated parameter than the SC of

gas-fluid solutions and characterizes not only the properties of body

tissues and primarily those of the blood for maintaining a dissolved

indifferent gas in a supersaturated state, but also the capacity of the

organism for eliminating the gas bubbles formed. Naturally, the rate of

elimination of the free indifferent gas should be determined both by the

condition of the compensatory mechanisms of the body, and by the nature

of the gas.

Because nitrogen dissolves better than helium, with the same degree

of rapid pressure reduction, a greater excess of indifferent gas is formed

in the body of a diver breathing air than when breathing a helium- oxygen

mixture. Evidently, the volume of the free gas produced in the first case

will be greater than in the second.

In addition, the process of elimination of the free indifferent gas from

the body of the diver through the lungs and partly through the skin depends

not only on its quantity but also on its power of diffusion. According to

the Exner rule (Exner, 1875), the diffusion coefficient of helium is much

greater than that of nitrogen. Therefore, with the same pressure

reduction the body more readily eliminates helium bubbles than nitrogen

bubbles, since the free helium is formed in a smaller quantity and diffuses

rapidly.

Evidently, the same circumstance explains the discrepancy indicated

in the relations between the figures for the SC and the PSC for nitrogen and

helium. The possibility has not been ruled out that even in the diver's

body the gas bubbles formed on breathing a helium- oxygen mixture have

lower degrees of supersaturation than on breathing air, despite the fact

that the PSC of nitrogen is less than that of helium. The considerations

expressed here about the SC and PSC agree with data of the extensive and

very convincing studies of P. M. Gramenitskii and others (1964) as well as

with the data of G. L. Zal'tsman and I. D. Zinov'eva (1964) on the PSC

determination in human beings after breathing air and a helium- oxygen

gas mixture for an hour, under pressure in a dry pressure chamber.

Conclusions

I. Under conditions of a pressure chamber half-filled with water, the

value of the PSC on breathing air is equal to 2.40; on breathing a helium-

oxygen gas mixture, 2.66.



m
• t

2. The higher value of the PSC on breathing the helium- oxygen gas

mixture J s evidently explained by the fact that the body more readily

eliminates the helium bubbles, since this gas possesses a higher diffusion

coefficient.
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_ 6__ _j,.7 1Z_ A.P. Brestkin

RELATIONSHIP BETWEEN THE SUPERSATURATION COEFFICIENT

OF GAS- LIQUID SYSTEMS AND THE TENSION OF DISSOLVED GAS

(Zavisimost' koeffitsienta peresyshcheniya sistem gaz-zhidkost' ot

napryazheniya rastvorennogo gaza)

/S It has been noted (Haldane and Priestley, 1937) that the permissibleaturation coefficient (PSC) for divers decreases with increased depth of

descent and time spent at the bottom, i.e., with increase in the parameters

determining the tension of an indifferent gas in the body tissues. Evidently,

such a reduction in the PSC is connected not only with functional changes

of the body but also with change of the capacity of the tissues for retaining

the dissolved indifferent gas in a state of supersaturation. In this con-

nection, it was very interesting to study the relationship between the

tension of the dissolved gas and the supersaturation coefficient (SC) of the

solution, the value of which also characterizes the capacity of the fluid for

retaining the dissolved gas in a supersaturated state.

Method

The study consisted of two series of experiments: in the first a study

was made of supersaturated gas-fluid solutions in the pressure range from

1 to 8 atm; in the second, from I0 to 200 atm. The experiments were

_ _ performed with two fluids (water and benzene) and with three gases
lium, nitrogen, and carbon dioxide).

/
! 1. Experiments with pressures from 1 to 8 atm were performed with

an apparatus already used by us (Brestkin, 1958). A water thermostat

with a saturator and dilatometer placed on it were put in the pressure

chamber, where the experimenter and an assistant were located during

the experiment. A rheostat and mercury relay were placed outside the

chamber, and the electric wires coming from them into the electric

heater and heat regulator of the water thermostat were introduced into

the chamber through a connecting pipe with an asbestos stuffing box.

The water in the thermostat was mixed with air passed from a steel

tank through a glass tube with a large number of holes. All preparatory

work for the experiment, including filling the saturated fluid with gas,

was done outside the chamber. The necessary pressure in the chamber

was created with compressed air and measured carefully with a calibrated

manometer. Saturation of the fluid with gas at the necessary pressure P0
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wasaccomplishedbyvigorousshakingof thesaturatedfluid by handfor
10rain. A speciallyperformedexperimentshowedthatthisperiodwas
morethanadequatefor reachingcompletesaturation. Withoutchanging

thepressurein thechamber,thefluid
saturatedwithgaswastransferredto
thedilatometer,thuscreatinga slight

I(/ excessgaspressurein thesaturator
bymeansof amercuryU-tube. There-
byprecautionarymeasuresweretaken
to insurethatthe solutionin thedilato-
meter befree of gasbubbles.

Thedilatometerfilled withsolution
wasdisconnectedfrom theapparatus
andfixedin thethermostat. To dissolve

7 the very slight traces of free gas which

might be found between the wall of the

6 diiatometer and the solution, the
pressure in the chamber was increased

by 2- 3 atm. During this time, the

3 experimenters were in an antechamber

at a lower pressure in order to avoid

2 excess nitrogen accumulation in their

bodies. At the end of 30 rain the

pressure in the chamber was reduced

to a figure at which gas bubble forma-

tion in the investigated supersaturated

solution began to be observed. The

pressure in the antechamber was also

brought up to this figure; the experi-

menters again went into the chamber
and observed the test solution.

After initial reduction of pressure

FIGURE1. Apparatus for investigation of by 25- 50% it was further reduced by
sudden drops at intervals of 0.2-0.5 atm.

supersaturated gas-fluid solutions at high

pressures (Explanation in the text) The period of observation of the solu-
tion at each pressure was 20 min. As

a result, the pressure P was found, at

which thE., first gas bubble was formed in the supersaturated solution in a

period of 20 rain. Every experiment was repeated 2- 4 times. From the

data of parallel experiments the average figure of P, the value of

SP = Po and the difference Po -- P were calculated. Variations of P
p,

from the average figure did not exceed 10%. The experimental data

obtained is presented in the table, in which, for the purposes of comparison,

the values of SP are given for a pressure of 1 arm, taken from our previous

work (Brestkin, 1958).

2. Experiments with pressures from 10- 200 arm were performed with

a Cailletet apparatus, which we modified somewhat (Figure 1). The main

part of this instrument is a glass barometer tube (1). We used tubes about

50 cm long with outside diameters of 10- 12 mm and inner diameters of

1- 4 ram. The upper end of the tube was fused in the form of a hemisphere;

11



the lowerendwasleft open. For 25cmfromtheuppersealedend
divisionsweremadeonthetubeat 1 mmintervals. At a distanceof
8- 12cmfrom theloweropenenda bulbwasblownout(ll) for thepurpose
of attachingtheglasstubein thesteelconnectingpipe(2). Theglasstube
preparedin thiswaywascarefullycalibratedwithmercury,enabling
accuratedeterminationof thevolumebetweenthedivisionsinscribedand
of theentiretubeasawhole.

Theglasstubewasfixedin a steelconnectingpipe(2)bymeansof
portlandcement,tworubberwashersandaclampingsleeve(3). After
thecementhardened,acertainquantityof fluid andaniron rod (5)
solderedintoa glasscapillarywereintroducedintothebarometer. The
entireremainingvolumeof thetubewasfilled withthegasbeingstudied.
For thepurposeof introducingfluid into theglasstube,weprepareda
smallfunnelwitha longandveryfinecapillary, whichpassedfreely into
thetubeupto its sealedend. A quantityof fluid wasintroduced,sufficient
to dissolveall thegasfilling theresidualvolumeof thetubeat pressures
upto 250atmandat temperaturesat whichthestudiesweremade. The
tubewasfilled withthe investigatedgasthroughthesamecapillaryby
blowingthegasthroughit for a longtime. In orderto avoidevaporation
of thefluid in thetubein thisprocessit wasfrozenwithdry ice.

Theopenendof thetubewasthensealedwitha rubberstopperand
immersedin acupof mercury. Thestopperwasremovedunderthe
layerof mercury,anda shorttest tubeof mercurywassetontheendof
thetube,therebyforminga mercuryvalve.

Theconnectingpipewiththefilled glasstubewasscrewedonto a
steelbuffer(4), andin theapparatusthusassembledthepressurewas
immediatelyraisedbyforcingin oil withanordinarypress. Themercury
wassqueezedinto thetubefrom thebuffer, compressingthegas. During
thescrewingof theinstrumentandtheincreaseofpressurein it, theend
of thetubewiththefluid wasconstantlycooledwithdry ice. Freezingthe
fluid wasnecessarysothatwhenthetubewasturnedin avertical position
thefluid andiron rod (5)in it remainedin theupperportion.

Tomaintainthenecessarytemperaturein thetube(1)a specialthermo-
statwassetonit. A glasscover(6)about5cmin diameterandabout
50cmlongwasplacedonthetubebymeansof a largerubberstopper.
Thecoverwasfilled withwater,whichwasheatedto thenecessarytem-
"peraturewithatubeelectricfurnace(7). Thefurnacewassuppliedwith
rheostatswhichkeptthetemperaturein thecoverconstant.Thewater
wasmixedwithair comingintothecoverfrom thetankthrougha
reducer,rubbertubeandmetaltube(9). Thewatertemperaturewas
measuredwithshortenedprecisionmercurialthermometers(10).

After establishingthenecessarytemperaturein thethermostat,the
pressureat whichthequantityof investigatedgascompletelydissolved
in thegivenfluid wasdetermined.For mostrapidsolubilizationthegas
wasmixedwiththefluid witha mixer (5)drivenbya specialmagnet(8).
Themagnetfit readilyinto thecoverandhada holethroughwhichthe
barometertube(1)passedfreely.

Duringthismixingprocessthepressurein thetubewasperiodically
raiseduntil the lastvery smallgasbubbledisappeared.ThepressureP0

corresponding to the point of complete solubilization was recorded in

the table.

12



After determinationof thispointthepressurewasraisedanother
10atmandleft unchangedfor 20--50raininorder to beabsolutelysure
thattherewerenotracesof undissolvedgas.

At theendof this periodthepressurein thetubewasreducedby
intervalsof 5arm, convertingthesaturatedsolutionintoa supersaturated
one. Toavoidshakingthesupersaturatedsolutionthepressurewas
reducedvery cautiously,andduringthis timethemagnetwasremoved
completelyfrom thecover. After eachpressurereductiona 20 minute
observationwasmadeof thesupersaturatedsolution. Thepressureat
whichthefirst gasbubbleappearedwasrecorded. Thepressurein the
instrumentwasmeasuredwithaprecisionspringmanometersetonan
oil press, andtherebyacorrectionwasmadefor thedifferencebetween
themercurylevel in theglasstubeandthatin theright-handcylinderof
thebuffer.

Agreatadvantageofthemethoddescribedfor investigatingsupersaturated
gas-fluidsolutionsis thateverymeasurementmayberepeatedmany
timeswithoutdisassemblingtheapparatus.Usually,theexperimentwas
repeated5- 8 times, and the average, P, was calculated.

Then the instrument was disassembled, again filled with the same fluid

and the same gas but in a different proportion, and a new study was made.

Experimental Data

Results of the investigation are shown in the Table and in Figure 2.

sc
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!
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03

20 _0 60 80 I00 120 140 160arm

FIGURE 2, The SC of gas-fluid solutions as a function of the

tension of the dissolved gas at 25"

On the abscissa, the pressure difference (in atmospheres); on

the ordinate, the supersaturation coefficient. 1. GO2-H20;

2. N2-H20; 3. He-H20.

The reeults obtained show that the SC of all solutions decrease with

increase of the tension of the dissolved gas P0, i.e., with increase in its

concentration. This change in SP is more pronounced in solutions of

gases which dissolve readily in water. Thus, with a tension of the

dissolved gas equal to 1 atm, the solutions investigated are arranged in
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the following order with respect to the value of the SC:

CO 2 -- H20-- 6.06,

N 2 -- H20 -- 4.04,

He -- H20 -- 2.26.

With increase of the tension of the dissolved gas to 60 atm in a solution

of the readily soluble gas, CO 2 (solubility coefficient k = 0.759 ml/ml),,

the SC decreases to 1.29 and becomes less than in solutions of poorly

soluble gases -- nitrogen ( k = 0.0512 ml/ml) and helium ( k = 0.0099 ml/ml)

-- in which the SC's are equal and about 1.50.

Supersaturation coefficients of gas-fluid solutions at different pressures (at 25 ° )

Solvents

Water

Water

Water

Benzene

Benzene

Benzene

Gas

Helium

Nitrogen

Carbon dioxide"

Helium {

Nitrogen {

Carbon dioxide {

Po

(in arm)

0.97

4.0

8.0

84

114

160

0.97

4.0

8.0

60

99

160

0.97

4.0

8.0

26

45

60

0.86

4.0

8.0

4.0

8.0

4.0

8.0

P
( in atm )

0.43

2.1

4.5

55

80

119

0.24

1.28

2.93

39.5

72

120

0.16

1.07

2.73

16.5

32.5

46.5

SC

2.26

1.90

1.78

1.53

1.42

i .34

4.04

3.12

2.73

1.52

1.37

1.33

6.06

3.74

2.93

1.57

i .38

1.29

P0 -- p

(in atm)

0.54

1.9

3.5

29.0

34.0

41.0

0.73

2.72

5.07

20.5

27.0

40.0

0.81

2.93

5.27

9.5

12.5

13.5

0.15 5.73

0.91 4.39

2.4 3.33

0.75 5.33

2.5 3.20

0.46 8.69

1.75 4.57

0.71

3.09

5.60

3.25

5.5

3.54

6.25

The rules and regulations established may be explained by existing

data on the study of high- pressure gas- fluid solutions. It has been proved

experimentally (Shiller, 1697; Pollitzer and Strebel, 1924; Sage and

Lacey, 1936; Brestkin, 1947) that with increase in the pressure at which

the fluid is saturated with gas, the density of saturated vapor increases,

and the density of fluid decreases, i.e., a gradual approximation of the

properties of the liquid phases occurs. At some very high pressure, as
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a rule, a critical condition occurs in the solution at which the vapor and

the liquid phases become identical: the surface tension of the fluid drops

to zero, and the SC becomes equal to one. The higher the gas pressure,

the lower the critical temperature of the fluid. There is reason to believe

(Ipat'ev, Teodorovich, Brestkin, Artemovieh, 1948) that even at 37 ° the

water may be brought up to a critical state, dissolving gas in it at a

pressure of several thousand atm.

Therefore, with increase in the tension of the dissolved gas, the SC of

the "gas.-fluid" solutions at the given temperature should gradually

decrease until a critical state occurs at some very high pressure at which

supersaturated solutions cannot exist, and the supersaturation coefficient

becomes equal to one. It is well known (Rysakov and Brestkin, 1937) that

at the same temperature the critical state in the "gas-fluid" solution with

a readily soluble gas is reached at a lower pressure than with a poorly

soluble gas. Therefore, despite the fact that at low pressures the super-

saturation coefficient is higher in "readily soluble gas-fluid" solutions

than in "poorly soluble gas-fluid" solutions the limiting value of the super-

saturation coefficient (1) in the first case is reached at a lower pressure

than in the second. Therefore, on the coordinates of "supersaturation

coefficient plotted against pressure" the curve for "readily soluble gas-

fluid" solutions should intersect the curve for "poorly soluble gas-fluid"

solutions (Figure 2).

In contrast to the SC, the difference Po--P does not decrease but

increases markedly with increase in the tension of the dissolved gas. For

example, at a tension of dissolved helium equal to 0.97 atm, it is equal

to 0.54 atm; at P0 = 160 atm it increases to 41 atm. Because at the

critical ;point P0-- P is evidently equal to 0, at very high pressure the

value of this difference should, after reaching a maximum, decrease with

further increase in pressure.

The data of the table shows graphically that with increased tension of

the dissolved gas the value of SC is more stable. This fact has not been

given a strict theoretical substantiation. In its most general form it may

be explained on the basis of the Laplace equation,

p, p_2O
-- --¥-t

where P'is the pressure inside the gas bubble,
a is the surface tension coefficient;

r is the radius of the bubble.

Let us take P'=Po, then

Po -p-2_ (1)--rl

from which

P0 2¢

-_ =_ + 1 (2)

From equation (1) it follows that the difference Po--P may remain

constant with increase inP0, if the ratio _--- does not change. As stated
r

above, with increase in the concentration of the dissolved gas,

decreases even when P0 is very high; when tile gas- fluid system reaches

the critical state, z becomes equal to 0. Since in our case P0's are

relative;Ly low, the change in z may be neglected. However, the change

in r cannot be neglected; with increase in Po it should decrease.
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Let us suppose that at a temperature of 25 ° , P0 equals 2 arm in 1 ml

of N2- H20 solution. Let us suppose further that the first gas bubble in

this solution was formed when the pressure was reduced to 1 atm. If o
2o

of the solution = a of water = 72 dynes/cm, r= p--_---Fequals 1.42 _ .

and the volume of the bubble V=4/3 ar _= 11.9 |t 3. In this bubble

there will be about 5. 107 molecules, whereas the entire excess of dissolved

N 2 formed in 1 ml of solution with reduction of the pressure from 2 to 1 arm

will be 0.0152 ml (solubility coefficient) or 4. 101' molecules.

Let us now take P0 = i0 atm. If the difference Po--P remained constant,

the first gas bubble would be formed at P= 9 atm. The radius and volume

of the bubble would thereby be maintained. The excess of

dissolved N 2 in 1 ml of supersaturated solution would also remain 4. i0 17

molecules. However, the number of molecules in the bubble formed will

not be 5. I0', but 5 times more, 25. 107 .

Therefore, if the difference Po--P did not change with increase in P0,

the probability that 5. 107 molecules of N2 will go into the bubble from

1 ml of solution containing an excess of 4" i0 L'molecules would be the

same as the probability that 25. 107 N 2 molecules will go into the bubble

from 1 ml of solution containing the same 4. I0 '_molecules in excess,

which is impossible.

From the calculation presented it follows that with increase in P0 the

radius of the bubble should decrease markedly, and the difference Po--P,

necessary for the formation of the bubble should increase, which is in

agreement with the experimental data obtained. According to equation (2),

the ratio P0 / P changes less, as a result of the fact that with increase in

P0 the reduction of r is compensated for by the increase occurring in P.

At the critical point of the solution, at which _ = 0, in accordance with

equations (I) and (2) the difference Po--P = O, and the ratio Po / p equals I.

Conclusions

At a temperature of 25 ° we determined the supersaturation coefficients

of solutions of He- H20 and N 2- H20 in the pressure range from 1 to

160 atm; for the CO2- H20 solution, in the pressure range from l to 60 atm;

in He-C6H 6, N 2-C6H6, and CO 2-C6H 6, in the pressure range from 1 to

8 atm. As a result of the investigation made, the following was determined.

1. With increase in the tension of the dissolved gas, SC decreases

gradually in all solutions.

2. The reduction of SC with increase in the tension of the dissolved gas

is observed to a greater degree in solutions of a gas readily soluble in

fluid than in solutions of a gas poorly soluble in fluid.

3. In all cases, with increase in P0 the ratio P0/P is more stable than

the difference Po--P.
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_ A.P. Brestkin, P.M. Gramenitskii, and N. Ya. Sidorov

STUDY OF THE SAFE SUPERSATURATION OF THE BODY WITH

INDIFFERENT GASES AT DIFFERENT PRESSURES

(Issledovanie bezopasnogo peresyshcheniya organizma indifferentnymi

gazami pri razlichnykh davleniyakh)

In studying the mechanism of development and particularly of prevention

of decompression disorders, it is very important to determine the degree

of supersaturation of the animal or human body with indifferent gases at

which the first symptoms of these disorders occur. In the experimental

determination of the value of this supersaturation and in its quantitative

characterization, it is essential to consider a number of circumstances

associated with the specific properties of the supersaturated gas-fluid

solutions themselves and with the body's reactions to gas bubbles formed

in the tissues and particularly in the blood.

Characterization of Different Cases of Supersaturation of

the Body with Indifferent Gases

A solution in which the tension of the dissolved gas P0 is greater than

the ambient pressure P is called a supersaturated gas- fluid solution.

Therefore, the degree of supersaturation of such a solution may be

characterized either by the ratio Po/P, by the difference Po--P, or simply

by the value P0 , keeping P strictly constant, e.g., equal {o 1 atm.

Supersaturated gas-fluid solutions like all other supersaturated solutions

are metastable systems and from a strictly theoretical viewpoint, stable

gas bubbles can be formed in them at any degree of saturation if the

condition Po>P'>P is fulfilled, where P'is the pressure in the gas bubble

(Brestkin, 1958). In those cases where, as a result of fluctuation in the

supersaturated solution, a gas bubble with an exceeding small radius

is formed with a surface tension coefficient of a, it is unstable and

disappears quickly, because, according to the Laplace formula P'--P= 20
r _

the pressure in it reaches a high figure, exceeding P0.
It has been proved (Volmer and Weber, 1926; Becket and During, 1935)

that the probability of formation of stable gas bubbles in the supersaturated

solution is greater with increased degrees of supersaturation. Because

of the purely probabilistic nature of gas formation induced by random

accumulation of numerous free gas molecules at any point in the super-

saturated solution, the value of the characteristic supersaturation at which
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thefirst stablegasbubbleis formedin a certainperiodof timeis not
constant,evenwithstrictestobservanceof conditionsfor preparationand
subsequentobservationof this solution. Therefore,in theexperimental
determil_ationof this supersaturationvalue,greatdifficultiesarise. As
is wellknown,its valueis determinedbymeansof a successiveincrease
in thedegreeof supersaturationbythesamemagnitudeuntil a gasbubble
appearsin thegivensolutionin a certainperiodof time.

Supersaturationis increasedbytwomeans:eitherby increasingthe
tensionof thedissolvedgas P0 at a given ambient pressure P or by

reducing p and keeping P0 constant. Let us consider the first method.

Suppose no gas bubble formation is observed in a 20 minute period

in a supersaturated solution of water- helium with Po = 2.4 atrn where the

ambient pressure is P -- 1 atm, while gas bubbles are formed in a water-

helium _olution with P0 -- 2.6 atm under the same conditions (P -- 1 atm

and t -- _I0 rain). Evidently, the degree of supersaturation P0_ sought in

the helium- water solution is between the figures found empirically,
2.4- 2.6 atm.

The concept of "maximum supersaturation, " at which no gas- bubble

formation is observed in the supersaturated solution and the concept of

"minimum supersaturation, " at which gas- bubble formation does occur

is the same as the concept P0,, just as two variables approaching a common
limit from above and below coincide at the limit.

The exact value of P0, may be found in the study of solutions with

differentP0,'s within the 2.4 and 2.6 atm range and differing from one

another by an infinitely small figure. However, this means accurate

determination of P0, is impossible because of its characteristic inconstancy.

If, incidentally, we consider variations in the experimental measurements,

it becomes clear that even for the simplest supersaturated solutions

consisting of one gas and a pure fluid we can speak only of some average

values for the supersaturation, P0, which must be calculated from quite

a large number of observations.

Quantitatively, the supersaturation corresponding to Pox is characterized

either by the supersaturation coefficient SC = P0/P or by the degree of

supersaturation SC = P0--P, or simply P0 with P given.

In accordance with the above, the supersaturation coefficient SC should

mean either the maximum ratio of the tension of the dissolved gas P0 to

the pressure in the solution P, at which no gas bubble formation occurs in

a given period of time, or, what is the same thing, the minimum ratio of
the tension of the dissolved gas P0 to the pressure in the solution P at

which the first gas bubbles are formed in a given period of time. The

degree of supersaturation P0--P should be determined in a similar way.

When dealing with the supersaturation coefficients of the body tissues

with indifferent gases, the conditions under which they have been deter-

mined should always be considered. Thus, in the experiments of

A. P. Brestkin (1958) rabbits were killed in a pressure chamber after being

under pressure for 4 hrs. After reduction of the pressure to normal, an

observation was made of gas- bubble formation in various tissues of the

dead bodies, and the values of SC were found for synovial fluid, blood,

bone marrow, and fat. The data of these experiments differs substantially
from the results of short-term experiments in which, following decom-

pression, gas formation in the blood and other tissues of the animal is
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observedintra vitam. In theformer casethetissuesare in anin-
activestate,andshouldbe regardedasphysicochemicalmediain which,
at certaindegreesof supersaturation,gasbubbleformationoccurs
(physicalSC). In thelatter caseaninvestigationis madeof thecapacity
of thetissuesfor retainingthedissolvedindifferentgasin a stateof
supersaturationduringthecourseof their activity (physiologicalSC). It
hasbeenproved(Harvey,1944,1945,and1951)thatthebloodpulsation
andmusclecontractionsconsiderablyfacilitate gasbubbleformationin
thebody.

Supersaturationat whichthefirst signsof decompressionsickness
occurin manandanimalsis ofparticular interest. Asis wellknown
(Pirogov,1852;Pashutin,1881;Brestkin, 1954;Vavilovand
Gramenitskii,1958),thebodycaneliminatea considerablequantityof
free indifferentgaswithoutappreciablecritical functionaldisorders.
Therefore,thevalueof this supersaturation,of primeimportancein the
studyof thedevelopmentandpreventionof decompressiondisorders,
characterizesnotonlythecapacityof thetissuesfor retainingthe
dissolvedindifferentgasin a supersaturatedstate,butalsothecompen-
satoryreactionsof thebodydirectedat eliminatingfree gas.

Thisdangerousbutstill permissiblesupersaturationis quantitatively
expressedin threeways:either by the ratio P,,/p,calledthepermissible
supersaturationcoefficient(PSC),or bythedifferencePo--P, called the

permissible supersaturation value [velichina], or s_mply by the figure P0

with an ambient pressure of 1 atm, which, at the suggestion of I. I. Savichev,

is called the limit. If the ambient pressure is not equal to 1 atm, the

limit is calculated from the formula Po--(P--t)-Po--P+I, where P--! is

the manometric or excess pressure, i.e., the pressure measured with

a manometer.

Of these three possibilities, the PSC method is best. This conclusion

was drawn also by Haldane (1908), who, in experiments with goats, found

that with increase in the tension of the dissolved indifferent gas, the ratio

of pressures is more stable than the difference.
It should be noted that the Haldane coefficient (HC) is the ratio of the

tension of the dissolved gas (usually nitrogen), P0 , in the body tissues to

the partial pressure of this gas in the inhaled air, PN_ after decompression.
80

HC is related to the PSC by the following formula: PSC = HC 1--_ = 0.8 HC,

where 80 is the percentage of nitrogen in the inhaled air.

Haldane's method of expressing supersaturation cannot be considered

correct: it is at variance with physicochemical concepts of supersaturated

solutions and leads to confusion in the calculations when artificial

breathing mixtures are used (Brestkin, 1952). When a person beginsto

breathe pure oxygen at normal pressure, the ratio P0 ] P_, reaches a much

higher figure than when a diver rises rapidly from great depths. Whereas

in the first case, there is no nitrogen supersaturation of the body,

Po--P=o.8--t<o , in the second case the nitrogen supersaturation reaches

an exceedingly high figure: P0-P>0. At present the Haldane coefficient

is not used, but his conclusions about the relative constant of the pressure

ratio with increase in P0 continues, in our opinion, to be valid.

Experimental determination of the PSC in man and animals present

much greater difficulties than the determination of the SC for solutions of

gas in the pure fluid. Here, aside from variations in supersaturation at
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which gas bubble formation begins, the variability of the body's reaction

to gas formation, which is of incomparably greater importance, must

also be considered. Even with strictest observance of conditions,

identical body reactions of the animals directed at elimination of the gas

bubbles formed cannot be assured. This is evidenced in the work by

V. A. Aver'yanov, P.M. Gramenitskii and A. A. Savich (1961), which shows

that with systematic repetition of the experiments for determining the

PSC in dogs, its value increases sharply, i.e., a distinctive training of

the organism is observed. Only when the body's reaction to the gas

bubbles formed becomes constant does the value of the PSC in the trained

animal become more or less constant also.

Naturally, there is a certain amount of risk in using the experimentally

determined PSC to calculate decompression conditions. Therefore, a

considerably smaller figure is used, called either the calculated PSC or,

more frequently, the safe supersaturation coefficient (SSC). From what

has been stated it follows that the term PSC is substantially different from

the term SSC. The permissible supersaturation coefficient (PSC) is the

ratio of the tension of an indifferent gas P0 dissolved in the body tissues

to the ou'_side pressure P, at which the first mild symptoms of decom-

pression sickness occur in man or animal. The safe supersaturation

coefficient (SSC) represents the ratio of the tension of the gas P0 dissolved

in the body tissues to the outside pressure P, at which it is known that

no symptoms of decompression sickness occur, even the nuildest.

In cal._ulating decompression conditions of divers coming up from great

depths the SSC is used, which is two thirds or even half of the PSC.

However, even when the divers come up according to calculated conditions

severe forms of caisson disease frequently occur. Because of this, some

specialists (Behnke, 1987; Savichev and Bukharin, 1957) believe that the

deeper the divers descend, i. e., with increase in P0, the ratio P0 / P

decreases sharply, while the dHference Po--P remains relatively constant.

To prove this, I.I. Savichev and A. N. Bukharin performed experiments on

two guinea pigs, in which the characteristic limit was first determined

for each animal, i.e., the maximum value of Po which, at an ambient

pressure of latm, does not yet cause decompression symptoms, and

then experiments were performed with the so- called double limit. The

animals were saturated with nitrogen for 6 hrs, at a partial pressure

twice the limit, after which the depth was changed to correspond to the

limit; this was maintained for another 6 hrs, and then a change was made

to surface pressure. No decompression disorders in the guinea pig were

noted by the authors. In two other experiments, where the depth of the

first stop was determined on the basis of the coefficient, i.e., by the

amount iI: was permissible to reduce the pressure, the authors recorded

pronounced decompression disorders in the animals. Hence, they

concluded that the measure of permissible supersaturation of the body with

nitrogen is the difference between the tension of this gas and the mano-

metric p:ressure, rather than the ratio P0/P • This data is in no way

adequate for solving the principle problem of the main conditions determin-

ing gas formation which leads to development of functional disorders in the

body duri_ng decompression. In connection with this, we performed the

experiments presented below.
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Method

The experiments were performed on five dogs and six cats. We first

determined for each animal the maximum tension of dissolved nitrogen

(P0) at which under normal pressure conditions (Pn) no decompression

disorders occur. For this purpose, the animals were kept for 4 or 6 hrs

under pressures of 2.2 atm or higher with subsequent rapid decompression

to normal pressure. The pressure in each subsequent experiment was

increased by 0.2 atm until symptoms of decompression disorders developed

in the animal. The nitrogen tension P. recorded in previous experiments,

in which no decompression symptoms were noted, was taken as the measure

of resistance of the given animal to decompression disorders. This value

P0, according to the concepts of L I. Savichev and A. N. Bukharin, charac-

terizes the limit for the animal; under the given conditions it represents

the safe supersaturation coefficient of the body, SSC = Po [ Pn = P. [1 = Po.

In the case of decompression from high pressures but to some other

pressure than normal, the values for the limit and the SSC diverge

markedly. In accordance with the above, we took a value for the SSC not

much different from the PSC.

After the determination of the p_ value for each of the experimental

animals, the basic experiments were performed. The animals were

placed under a pressure of P, for 4 or 6 hrs, or one from which they might

be taken out with a single 4 or 6 hour stop at a pressure of p, keeping

constant SSC = P° established for this animal, both in the cases of

decompression before the stop and with subsequent decompression to normal

pressure Pn" In other words, P and P, satisfied the following conditions:

P, pO.8_ _o._=SSC = vo, (1)

P .0.s __.Pi_ =SSC = Po (2)e,

From condition (2) we have p = eo/0.8. By substituting the value of p

found into condition (1), we determine the value of /'t :

Pl "0.8 Po2 Po2
P0 = P0. from which P_-- (0.8)s- 0.64

0.8

In a number of experiments, the values of p, and p were calculated

from figures less than P,,, since according to existing data (Boycott, Damant,

and Haldane, 1908; Brestkin, 1952; Zal'tsman and Zinov'eva, 1963), the

SSC decreases with increase in the tension of the dissolved indifferent gas.

The dogs and cats were observed continuously during the experiments,
and a careful record was made of every occurrence of decompres-

sion disorders, both after the first stop and after final decompression at

the surface. Unquestionable signs of decompression disorders in dogs

were of the "bends" type in the limbs; in cats, either the same symptoms

or marked change in the general condition -- loss of coordination of

movements, severe general inhibition and intense dyspnea.
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Results of the Investigation

The data of experiments on dogs is given in Table 1. Column 2 of the

table ("depth corresponding to the permissible supersaturation value of

the animals ") shows the maximum depths':' at which, after 2 hours, there

were no decompression disorders in the animals at normal pressure;

column 3 , the nitrogen tension in the body, Po(defined either as the

limit or as the safe supersaturation coefficient, SSC)is shown corresponding

to these depths. Repeated determinations of this value were made during

the course of these experiments; in agreement with the data of

V. A. Aver'yanov, P. M. Gramenitskii, and A. A. Savich (1961), an increase

in resistance to decompression disorders was noted in some dogs, i.e.,

there was an increase in the SSC. Columns 4 and 6 give the depths cor-

responding to pressures PI and P, and column 5 shows the values of the

PSC from which the PI and P values were calculated. In column 7 the

limit figures are given in the case of decompression from the initial depth

to a certain stop -- Po,_--P--I. Column 8 indicates the depths of the first

stops which must be used in experiments on the basis of the constancy of

the limit, Po.l--Po=P, , where Px is the manometric pressure at the stop;

when we multiply P, by 10 we obtain the depth corresponding to the mano-

metric pressure in meters of water. The data of the other columns are

not needed in the explanations.

The results of the observations presented in Table 1 show that at the

first stop decompression disorders occurred in only two experiments;

in one case (experiment on 2 November) the coefficient used in the

calculation was higher than the PSC. After ascent to the surface decompres-

sion disorders occurred in 4 out of 11 cases; the other seven experiments

did not show these disorders.

The results of the experiments on cats are shown iri Table 2. In this

series of experiments, as a rule, the figures used for the PSC were

usually less than those established in preliminary investigations. Two

experiments were exceptions: in one (on 1 June) the coefficient did not
increase; in the other (on 11 November) it increased. Both these experi-

ments ended in the death of the animals at the first stop. Of the remaining

13 experiments, decompression disorders at the first stop occurred in

only two cases. Here the actual depths of the first stops differed from

those calculated from the limit by an even greater extent than in experiments

on dogs, despite the fact that the limit used was equal to P0 (column

"coefficient or limit P0") without reduction of this value.

In only one of 11 completed experiments did decompression disorders

occur in an animal after final decompression. In the other 10 experiments

both degrees of decompression occurred without signs of decompression

disorders.

The results of these experiments show that the safe supersaturation

coefficient cannot be considered the same for different conditions: it

decreases with increase in the absolute pressure at which the body is

saturated with the indifferent gas. It is not yet possible to say definitely

whether this change in coefficient is based chiefly on physicochemicai rules

and regulations, or whether a change in the body functions occurs

* The accuracy of determination of these depths was within 2 m of water or 0.2 aim.
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which is associated with the action of depth factors. As far as the limit

is concerned, we cannot speak of its constancy. With increase in the

tension of the indifferent gas it increases markedly. As the data of Table 2

show, when the animals rise from depths of 80--i00 m, the established

figure for the PSC should be reduced 20--25%, while value of the limit

should be increased 1.5--2 times.

The data obtained shows objectively that the use of a constant value for

the limit in the case of decompression from high pressures entails an

increase in the depths of the first stops, which necessitates a substantial

increase in decompression time. Thus, if cat No.2 was raised from a

depth of 105 m (experiment of II November, Table 2), using constancy of

the limit as a guide, two 4 hour stops should be made rather than one --

the first at a depth of 61.6 m and the second at a depth of 27 m. All this

indicates that the notion of limit constancy is incorrect, and its application

is not reasonable for calculations of decompression conditions.

Conclusions

I. It is better to determine the limiting supersaturation of the body

tissues with an indifferent gas by the ratio of the gas tension to the ambient

pressure after decompression than by the difference between these figures.

2. The notion of constancy of the limit is incorrect: with increase in

the tension of the dissolved indifferent gas, the value of the limit increases

sharply.

3. With increase in the tension of the dissolved indifferent gas the value

of the safe supersaturation coefficient (SSC) decreases, which agrees with

the data of other authors.

Bibliography

Publications in Russian

Aver'yanov, V.A., P. lVI. Gramenitskii, andA. A. Savich. --

Patologicheskaya Fiziologiya i Eksperimental'naya Terapiya,
No. 4. 1961.

B r e s t k i n, A.P. Opyt eksperimental 'nogo i teoreticheskogo

issledovaniya etiologii i profilaktiki kessonovoi bolezni (Experience

in the Experimental and Theoretical Investigation of the Etiology

and Prevention of Caisson Disease). -- Thesis, Leningrad. 1952.

Brestkin, A.P. -- Klinicheskaya Meditsina, Vol. 34. 1954.

B r e st kin, A.P. -- In: Funktsii organizma v usloviyakh izmenennoi

gazovoi sredy, No. 2, Izdatel'stvo AN SSSR, Moskva- Leningrad,
1958.

Bukharin, A.N. K voprosuprofilaktiki kessonnoi bolezni (The Problem

of Prevention of Caisson Disease).-- Leningrad. 1958.

Zal'tsman, G.L. and I.D. Zinov'eva.-- This Collection. 1964.

1452 26



Pashutin, V.V. Lektsii obshcheipatologii (Lectures on General

Pathology), Vol. 2, St Petersburg. 1881.

Pirogov, N.I. --Drug Zdraviya, Voi. 43. 1852.

Savichev, I.I. Quoted from Bukharin. 1958.

Publications in Other Languages

Becket, R. andW. During. -- Ann. d. Phys., Vol. 24. 1935.

Behnke, A. -- J. Am. Physiol., No. 35. 1937.

Boycott, A.E., G.C.C. Damant, andJ. S. Haldane. -- J. Hyg.,

Vol. 8, Cambridge. 1908.

Volmer, M. andN. Weber.- Ztschr. phys. Chem., Vol. l19. 1926.

27



i¢

G. L. Zal'tsman and I.D. Zinov'eva

COMPARATIVE DETERMINATIONS OF THE PERMISSIBLE SUPER-

SATURATION VALUE OF THE HUMAN BODY WITH INDIFFERENT

GASES UNDER DIFFERENT CONDITIONS

(Sravnitel'noe opredelenie velichiny dopustimogo peresyshcheniya

organizma cheloveka indifferentnymi gazarni v raznykh usloviyakh)

The permissible supersaturation value of the body with an indifferent

gas was first determined by Haldane (1906) in experiments on animals.

Such determinations were made on human beings by A. N. Bukharin (1958)0

I.A. Aleksandrovand A.P. Brestkin (1964).

Method

The degree of permissible supersaturation has been determined in the

following way. For 6 hrs (time needed for complete saturation of the body

with the indifferent gas, in Haldane's opinion) the subjects were under in-

creased pressure, after which rapid decompression was conducted (for

1--2 min). The pressure from one determination to the next increased

0.2 or 0.3 atm until the subjects developed the first signs of decompression

disorders on leaving the chamber.

To simplify the method described, we worked out an accelerated method

for the same determination. It has been shown (Zal'tsman, 1961) that for

determining the permissible supersaturation value complete saturation of

the body with an indifferent gas is not necessary, since the duration of

this process is actually much longer than 6 hrs. Maintaining the same

principle in the determination, the permissible supersaturation value may

be established by keeping the subjects under pressure for much shorter

periods (5--90 minutes) but under higher pressures.

It should be specially noted that in both the 6 hour and accelerated

method, the appearance of the first subjective and objective signs of

decompression sickness constitutes the indication of supersaturation. This

has a substantial effect on the accuracy of the determinations. Greater

accuracy therefore can be obtained by comparative determinations of the

permissible supersaturation value made in the same subjects under

different conditions.

In the present study the effects of such important conditions as breathing

various gas mixtures and the action of various external pressures were
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evaluated according to the data of a comparative deternfination of the

permissible supersaturation value.
In the first series of investigations on three subjects (professional

divers) a comparative determination was made of the permissible super-
saturation value after the inhalation of air, 20 T0 helium- oxygen mixture,

a 50T0 air-helium mixture (50_ helium, 39.6% nitrogen and 10.4T0

oxygen) and a 75 % air-helium mixture (75 To helium, 19.8 To nitrogen and
5.2% oxygen)*. The subjects were placed in a dry compression chamber

where they used a self- contained breathing apparatus (the cannisters of

the apparatus were charged with substance 0- 3). The composition of the

inhaled gas mixture was checked periodically by gas analysis. The com-

pression lasted 1--2 min. The time spent under increased pressure was
exactly 1 hr, after which decompression for 2--2.5 rain was conducted. In
the first determination the pressure was increased to 3 atm, and in all

subsequent determinations made after 2--3 days, it was increased by

0.25 atm, until the first signs of decompression sickness appeared after

decompression. Therefore, the permissible supersaturation value was
determined with an accuracy of 0.2--0.24 atm. Initially, the determinations

of the permissible supersaturation value were made with the subjects
breathing air, then helium- oxygen, air- helium mixtures, and again with

air.
In the next series of investigations a comparative determination was

made of the permissible supersaturation value in two subjects at different

initial p]._essures. In order to determine how the permissible supersaturation
value varies in accordance with the initial pressure level it was necessary

to obtairL at least three points for construction of the curve, that is, to

determiue the permissible supersaturation value for three different
initial pressures in the same subjects. The pressure for safe surfacing

served _'_s the first point, normal atmospheric pressure with subseq_ient
rarefaction as the second, and the greatest prenarcotic pressure of the air-

7 atm was selected as the third. The maximum permissible pressure

drop wa;s then determined.
The method of determination was the following. By the 6 hour method

a deter_aination was made of the permissible supersaturation value for the

maximum pressure, which may be rapidly reduced to normal without signs

of decorapression sickness.
The permissible supersaturation value for atmospheric pressure was

determined in a vacuum pressure chamber. In the first determination the

pressure was reduced to 0.405 atm (which corresponds to an altitude of

6000 m). The subjects remained under this pressure in an oxygen apparatus
for an hour. In each successive determination the pressure was reduced

0.1 atm until the first signs of decompression sickness occurred in the

subject,q when held at a stop**. The duration of the first stop, as in the
previous determinations, was 1 hr: as was determined previously, the

symptoms of decompression sickness usually occur within a half- hour when
the safe pressure drop is exceeded.

* The 7_% air-hellum mixture was enriched with oxygen so that its partial pressure "at ground level" was

0.2 atrn.
* * With the appearance of signs of decompression sickness the pressure was raised again to "_aim. The

subjecl:s were kept at this pressure until the complete disappearance of signs of the disorder, after which

decompression according to a specially calculated routine was used.
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Resultsof theInvestigation

The:results of the first series of investigations, given ila Table 1, show

that the maximum pressure which may be safely reduced to normal after

an hour's exposure depends on the indifferent component of the breathing

mixture. Thus, with the helium-oxygen mixture this pressure was 0.5--1.0

atm greater than when breathing air; with air-helium mixtures, 0.25--

0.5 atm greater than with the helium-oxygen mixture. Significantly,

the permissible supersaturation value of the nitrogen of the air was con-

firmed on a repeat determination. On the basis of the results of the

determinations the coefficients and the differences characterizing the

value of the safe supersaturation of the body with nitrogen, helium and

their mjlxtures may be calculated (Table 1).

It should be noted that the nature of the symptoms of decompression

sickness which occurred differed substantially with the various gas

mixtures. Thus, on breathing air the first symptom was brief, painless

itching of the skin. On breathing 20 To helium- oxygen the only symptoms

observed were deep muscle pains, after which it was usually necessary to

perform therapeutic recompression. After breathing 50T0 air-helium,

symptoms occurred which were usually "mixed" in nature; however,

painful sensations were very slight, and sometimes did not occur at all.

On breathing a 75 % air- helium mixture the symptoms were usually of a

"helium" character.

TABLE 2

Results of determination of the permissible supersaturation value of the body with the nitrogen of the
air at different initial pressures (in arm)

Minimum dangerous pressure drop

iniual partial highest safe initial
nitrogen pressure for

pressure pressure first stop pressure

o.4051.0

2.3

7.0

0.8

1.84

5.6

1.0

4.2

Maximum safe pressure drop

partial

nitrogen

pressure

1.0 0.8

2.2 1.76 1.0

7.0 5.6 4.3

Degree of permissible

supersaturation

highest safe

pressure for

first stop

0.465

increased

nitrogen coefficient
pressure

(difference)

0.335 1.72

0.76 1.76

1.3 1.3

Note:. The permissible supersaturation value was calculated for tissues which were completely

saturated with nitrogen during a 6 hour stay under pressure.

The :results of the next series of determinations of the permissible

supersaturation value were the same in both subjects (Table 2). As follows

from the data of the table, the permissible supersaturation value changes

substantially depending on the pressure at which the determination was

made. The higher the initial pressure the greater the permissible super-

saturation value. Thus, with increase in the pressure from 1.0 to 7.0 atm,

it increases by 1 atm (from 0.3 to 1.3 atm). However, if the permissible
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supersaturation value is expressed in the form of the nitrogen coefficient,

with increase in the pressure the values of the coefficient decrease (Table 2).

The results obtained were checked on 17 subjects who underwent decom-

pression favorably after a 4--6 hour stay under a pressure of 7.0 arm, with

an hour's delay at the first stop under a pressure of 4.3 atm. At the last

stop during decompression a brief itching of the skin was noted in only one

subject. Therefore, a pressure drop from 7.0 to 4.3 atm was safe for 17

out of 18 [sic] subjects, despite the fact that the supersaturation value for

a pressure of 7.0 atm exceeded the permissible supersaturation value

determined in these subjects for an initial pressure of 2.2--2.9 atm. For

apressure of 7.0 atm it amounted to 1.3 atm; for apressure of 2.2--2.7arm,

0.76-- 1.2 atm, respectively.

This result was also checked in experiments on animals (5 cats). The

permissible supersaturation values with the helium- oxygen medium at

pressures of 4--5 and 31 atm were also compared after a 4 hour exposure.
It was found that with an initial pressure of 4--5 atm the permissible

supersaturation value was 2.2--3.0 atm, and at a pressure of 31 atm,

11.5 atm. Therefore, the permissible supersaturation value, determined

by the pressure difference, increased 4--5 times (2.2--3.0 atm and

11.5 atm), while that calculated for the permissible supersaturation

coefficient decreased by 50--62.5% (3.2--4_0 and 1.6).

Discussion of Results

It should be noted first that the safe permissible supersaturation

coefficient of the organism should be interpreted as a physiological index.

Since the SSC is determined by the signs of decompression sickness, it,

in contrast to the simple physical systems, characterizes not only the

capacity of the tissues for retaining gas in the supersaturated state, but

also the body's reaction to a newly formed gas phase.

As shown by the studies made, the signs of decompression sickness

differed substantially depending on the indifferent gas breathed. Similar

results were obtained by I. A. Aleksandrov and A. P. Brestkin (1964) in

subjects with a 6 hour determination method. The different reactions of.

the body to the formation of gas phases of different compositions are

apparently an essential factor in determining the different permissible

supersaturation values for nitrogen and helium. The data of P. M. Gramenit-

skii, A.A. Savich and K. S. Yurova (1964) confirms this, showing that the

animals better tolerated an intravenous injection of nitrogen than one of

helium. On the other hand, in Brestkin's experiments (1952) on simple

physical models, opposite results were obtained; the supersaturation value
of the fluids with helium was less than their supersaturation value with

nitrogen. Therefore, physiological processes apparently play a major part

in determining the safe permissible supersaturation of the body.

Like the indices of the other body functions, the permissible supersatura-

tion value varies under different conditions, particularly as a function of

the nature of the indifferent gas and the external pressure level.

Proper consideration of the actual values of the permissible supersatura-

tion of the body with indifferent gases is necessary for safe decompression

of divers.
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The studies made showed that neither the principle of the constant

difference nor of the constant coefficient can be used for calculating

decompression routines. The calculations should be made by using the

differential coefficient. There is no generally accepted method of

differentiation. Values of the coefficient close to those determined

experimentally are given by a method of differentiation in accordance with

an empirical formula which we have used previously (Zal'tsman, 1961).

Conclusions

1. :?he safe supersaturation value of the human body depends on the

characteristics of the indifferent gas: in a helium-oxygen medium this

value increases by comparison with that in air; in an air- helium medium,

it is over that in a helium- oxygen mixture.

2. The safe supersaturation value also depends on the external pressure

level. The higher the initial external pressure, the greater the safe

pressure drop.

3. The actual significance of the safe supersaturation value, determined

under different conditions, should be considered in working out efficient
decompression routines.
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SOME CONDITIONS FOR THE INCREASE IN BODY RESISTANCE TO

DECOMPRESSION DISORDEI_S UNDER THE REPEATED EFFECTS OF

DECOMPRESSION

(O nekotorykh usloviyakh povysheniya ustoichivosti organizma k dekom-

pressionnym narusheniyam pri povtornykh vozdeistviyakh dekompressii)

In the study made by V. A. Aver'yanov, P.M. Gramenitskii and

A. A. Savich (1961), the possibility was determined of increasing body

resistance to decompression disorders under the influence of frequently

repeated decompressions. In determining the safe supersaturation

coefficient with nitrogen (SSC) for dogs, the authors kept the animals for

4--6 hrs under increased pressure (which in the initial experiments was

known to be safe), and then subjected them to rapid decompression to the

"surface level" and recorded the presence or absence of decompression

disorders. Among the many determinations of the SSC previously made

by this method, this work was distinguished by certain characteristics

which enabled determination of an increase in body resistance to repeated

decompression effects.

In previous investigations A. N. Bukharin (1958), G.M. Zarakovskii

(1960), and other authors made their determinations only of the first case

of decompression symptoms and after being convinced of the absence of

these symptoms in the next experiment with lower pressure, they stopped

the investigations, considering the SSC established. In the work by

Aver'yanov, Gramenitskii and Savich, the experiments were continued,

and in each successive experiment higher pressure was again used. The

symptoms of decompression were usually absent. In the next

determination the pressure was raised one step further (by 0.2 atm); if

the symptoms occurred, it was again reduced in the next experiment, and

then again increased. Thus, the studies were continued until the increased

pressure was reached at which decompression disorders developed in the

dogs every time, despite the frequent repetition of the experiments.

With this method, a considerable increase in resistance to decompression

disorders was found in all nine dogs used in the work. At the end of the

determinations these disorders occurred in each animal only after being

under pressure 0.4--0.6 atm higher than at first.
The established fact that there is an increase in the resistance of the

body to repeated decompression effects, which is of undoubted significance

for diving practice, required further analysis. It remained unclear
whether the conditions maintained in the work mentioned (gradual increase

in pressure from one time to the next, and going to a lower pressure after
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eachcaseof decompressiondisorders)areobligatoryandoptimalfor
increasingbodyresistanceto decompression.The,queStionremained
howresistanceto decompressiondisorderswouldchangeunderrepeated
effectsof thepressureat whichthesesymptomsoriginallyoccurred,as
well ashowit wouldchangewhentheorganismwasfirst exposedto the
actionof a knownhighsupraliminalpressureandsubsequently,to the
effectof progressivelylowerpressures. Thesolutionof theseproblems
is of practicalaswellastheoreticalinterest, becauseit canprovidethe
basisof efficientworkorganizationof divers,particularlynovices.

Method

Ninetyexperimentswereperformedonsevenmaledogsfrom 3to
5yearsold, weighing15--30kg. Theanimalswereput in a compression
chamberunderincreasedpressurefor 4hrs. At theendof this timethe
pressurewasrapidly reducedto atmospheric,andthedogswereobserved
for 2hrs. Withtheoccurrenceof decompressiondisorders(retractionof
oneof thepaws,limping)therapeuticrecompressionwasperformed.

All theexperimentsweredividedinto twoseries. Inthefirst series,
performedonthedogsIngus,Kashtan,andMatros,theexperiments
werebegunwithpressuresknownto besafe(1.4, 1.6, and1.8atm). In
eachsubsequentexperimentthepressurewasincreasedby0.2atmuntil the
dogdevelopedcompressiondisorders. Thentheexperimentswere
repeatedwiththesamepressure.

In thesecondseries(dogsChernysh and Skuchnyi} the experiments were

begun at a pressure of 2.8 atm, known to be safe; after the pressure

effect was eliminated decompression disorders occurred in both experi-

mental animals. Subsequently, the pressure was reduced from experiment

to experiment until there were no symptoms of decompression disorders.

Then the experiments were performed again with increasing pressures, and

in various periods of the study it was left unchanged for a number of

experiments,

Of the two variants of experiments described, those on the dogs Shustryi

and Tobik, about which more details will be given below, stood out.

Results of the Experiments

The results of the experiments of the first series are given in Figure 1,

which shows that in the dogs Ingus and Kashtan, exposed first to the effect

of pressures known to be safe and then to gradually increasing pressures,

decompression disorders occurred only at very high pressures, 2.8 and

3.2 atm. These figures are definitely higher than the average threshold

pressures for dogs generally. Repeated experiments with both dogs at

the pressures mentioned were associated every time with the development

of decompression symptoms. Therefore, under these conditions the

resistance did not increase further, and in the dog Kashtan it even

decreased. The dog Matros originally showed symptoms of decompression
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after being under comparatively low pressure (2.0 atm), but in repeated

experiments these syrnptom_ did not appear. However, after each

successive increase in the pressure by 0.2 aim they did occur every time,

either in the first or in subsequent experiments.
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FIGURE 1 Change in the resistance to decompresszon sickness in the dogs lngus, Kashtan, and Matros

white columns -- no sickness; hatched colums -- sickness.

Therefore, in this dog also, repetition of the experiments with the

pressures at which the animals originally developed decompression

symptoms did not lead to a considerable increase in resistance. This

effect was undoubtedly less than in the above experiments of Aver'yanov,

Gramenitskii, and Savich (1961).

atm[ _ Skuchnyi

' V
: II

o r,< ;%

aim ,. Chernysh

FIGURE 2. Change in the resistance to decompression sickness in the dogs Chernysh and Skuchnyi

Explanation in the text.

The results of the experiments of the second series are shown in

Figure 2. Both dogs (Skuchnyi and Chernysh) were originally exposed to
the action of a known safe pressure (2.8 atm). In both animals, in the
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first andin thethreesubsequentexperimentswithgraduallydecreasing
pressuresdecompressionsymptomsdeveloped.Thesesymptomsfailed
to appearonlyin thefifth experimentafter decompressionfrom a pressure
of 2.0atm, whichis notthe limit for thegreatmajorityof dogs.Therefore,
with this courseof theexperimentsnotonlydowefail to noteanincrease
in theresistanceof theanimalsto decompressiondisordersbut, conversely,
a decreaseoccurs. It is significantthatwithsubsequentexperiments,in
whichaftertheappearanceof symptomsthepressurewasdropped,the
resistancetemporarilyincreasedin thedogSkuchnyiandin thedogChernysh.
Manyrepetitionsof theexperimentswiththepressureat whichdecompres-
sionsymptomsoccur(thedogChernysh) again led to a reduction in

resistar_ce, and the latter decreased even below the initial level.

A separate analysis should be made of the results of experiments on the

dogs Tobik and Shustryi (Figure 3). With Tobik it had been planned to

conduct the experiments along the line of the second series; therefore, at

first a pressure of 2.8 atm was used.

atm
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3Z

2_

tG

a8

Tobik

i

Shustryi
atm

Je

-
2.0 I

FIGURE 3. Change in resistance to decompression

sickness iE the dogs Shustryi and Tobik

explanation in the text.

However, contrary to expectations,

the animal did not develop decompression

disorders, and it was therefore decided

to increase the pressure gradually in

the subsequent experiments. Such

experiments showed the exceptionally

high resistance of the animal to decom-

pression disorders. The latter occurred

first only after a pressure of 3.8 atm,

which is about 1.5 aim higher than the

average threshold value of the pressure

for the majority of animals first exposed

to the high pressure effect. We there-

fore began experiments on the dog

Shustryi with a pressure of 3.2 aim and

subsequently reduced it by 0.2 atm

intervals, as in the other experiments

of the second series. Decompression

disorders in the dog occurred, however,

only in the first two experiments; in

the third, after a pressure of 2.8 atm

they were absent. It was found, there-

fore, that this dog possessed increased resistance to decompression

disorders, whereby, according to the general rule, following a drop to a

lower pressure after the repeated development of symptoms, the resistance,

very high before this, began to increase even further (Figure 3, experi-

ments of 6, 9, and 12 July 1960).

Therefore, the results of the experiments just analyzed revealed the

increased resistance of two experimental dogs to decompression disorders;

at the ,3ame time, they do not at all contradict the data of the previous

experiments.
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Discussionof Results

Theexperimentsperformedshowedthatrepeateddecompressionfrom
pressuresafter whichdecompressiondisordersoccurdoesnotcontribute
to increasingbodyresistanceto thegiveneffect,and,conversely,it may
evendecrease.Theinitial useof pressuresknownto behigh, far
exceedingthethreshold,hasanevenless favorableeffectontheresistance
of thebodyto decompressiondisorders. Toincreaseresistanceit is
essentialto increasegraduallythepressurefrom initially lowfigures,
knownto besafe,to higherpressures;thebestresult is obtainedfrom
goingto alowerpressureafter eachcaseof decompressiondisorders.

Fromthepapersof Behnkeandothers(1940)andEvelyn(1941),
confirmedrecentlybythestudiesof P.M.GramenitskiiandA.A. Savich
(1964),it appearsthatafter decompression"silent" gasbubblesmaybe
formedin thebodywhichdonot leadto thedevelopmentof visible
pathologicalsigns. Thesebubblesoccurfirst in thevenousbloodand,
accordingto thedataof P.M.GramenitskiiandA.A.Savich,first appear
after decompressionfrom lowpressures,beginningwith1.4aim. It
mustbesupposedthatsuchbubblesin thevenousbloodcanproducelocal
vascularreflexesat theplacewheretheyoccur, generalchangesin the
cardiovascularactivity, anda changein respirationbecauseofacapillary
blockin thelessercirculation. Theperfectionof thesereactions,
expressedin anincreasedbloodflowanddyspnea,apparentlyunderlies
theincreasein bodyresistanceto decompressiondisordersunderrepeated
effectsof decompression.Anincreasein resistanceoccursonlyif there
is anunusualstimulusto whichthebodyadaptsitself (freegasbubblesin
theblood). At thetimeof the initial effectsit provesinadequateto produce
typicalpathologicalsymptoms,butsubsequently,whilestill subliminalfor
thedevelopmentof thesesymptoms,it increasesin strengthfrom time to
time, whichleadsto trainingof therespiratoryandcardiovasculardefense
reactions.

Conclusions

1. Repeated effects of decompression from increased pressure fail to

lead to an increase in body resistance to decompression disorders which

may occur.

2. The optimum condition for increase in body resistance to decompres-

sion disorders is the initial application of a pressure known to be safe, a

gradual increase in it with subsequent effects and a drop to a lower pressure

after the development of decompression symptoms.
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P.M. Gramenitskii and A. A. Savich

PROVOCATION OF CAISSON DISEASE SIGNS IN ANIMALS EMERGING

FROM INCREASED PRESSURE BY SUBSEQUENT ASCENT

TO ALTITUDE

(Provokatsiya kessonnykh yavlenii u zhivotnykh vyshedshikh iz pod

povyshennogo davleniya, putem posleduyushchego pod'ema ikh na vysotu)

The results of a recent study which we made (Gramenitskii and Savich,

1964), in agreement with previous data from the literature (Yakobson,

1950; Vavilov and Gramenitskii, 1958; Behnke, 1955), gave us the basis

to suppose that gas bubble formation in the body after decompression under

increased pressure can occur asymptomatically or, in any case, without

typical external signs of decompression disorders. With the aim of

l provoking signs of caisson disease and detecting latent forms, we performed

experiments in which at various periods after decompression of the animal

from increased pressure, they were raised to altitude, i.e.. exposed to

the effect of a ratified atmosphere. Use was made of increased pressures

which were not followed by typical decompression disorders, and degrees

action which in themselves could not cause decompression disorders.

Method

The experiments were performed on nine dogs whose permissible super-

saturation coefficient with nitrogen (PSC)previously had been repeatedly

determined. The procedure was as follows: The fasting dog was walked,

and then placed for 4 hrs in a compression chamber under pressure. For

each animal the pressure used was known to be less than that which caused

decompression disorders in experiments with determination of the PSC.

In various experiments it ranged from 1.2 to 2.6 arm. After 4 hours, the

dogs were exposed to a rapid (50--80 sec) decompression to normhl

pressure, and they were observed continuously. Under ordinary conditions

caisson symptoms did not occur. At certain periods after decompression

(from 15 rain to 1 hr and 45 min) the dogs were exposed to the effect of

rarefaction in a vacuum chamber (elevation to an altitude of 4.5 km at a

rate of 1 km every 30 sec). The experimenters were either in the chamber

along with the dogs, or outside it, using an illuminator to observe the

animals. With the development of typical decompression symptoms

(limping, elevation of the paw), a descent to ground level was made

immediately; in the absence of disorders the animals were kept at an
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altitudeof 4.5kmfor 10min. Theexperimentersrecordedthechangein
behavior,theconditionof thedogand,verycarefully, thedevelopmentof
decompressionsymptoms;in a numberof casesthephotographicdocu-
mentationwasused.

Results of the Experiments

Following decompression prior to elevation to altitude, the animals

in no case showed caisson symptoms of the "bends" type. In some

experiments only a very slight general inhibition of the dog and a mild

dyspnea occurred. Ascents induced the development of typical signs of

caisson disease in 25 out of 57 experiments. All cases in which symptoms

developed with rarefaction of the atmosphere may be distinctly divided into
two categories.

The first category consists of cases in which caisson disease symptoms

developed at various periods after reaching the altitude. The actual ascent,

i.e., the ]period of rarefaction of the air in the chamber, did not cause

even initial signs of functional disorders of the limbs. At first, these

signs were also completely absent at altitude. They appeared only after

2--5 rain, gradually increased, and became clearly expressed caisson

disorders. In all cases, the nature of the symptoms, and the dynamics

and rate of their development were generally identical to decompression

disorders under ordinary conditions after emerging from pressures

exceeding the PSC for the dog.

The figures show gradual development of caisson symptoms at altitude

in the dog Ryzhik.

The second category (of particular interest) consists of cases in which

caisson symptoms developed during the course of the actual ascent. Not

Uncommonly, the first signs of decompression disorders appeared even

from the very beginning of rarefaction of the air: the dog began to drag

itself around in one place, reduce the weight on one limb or another, and

"guarded" it. During the subsequent ascent, frequently to an altitude of

2--3 km, the symptoms became clearly expressed: the dog limped on the

affected paw, became restless, tense, evidently had severe pain, and

began to howl and jump about. In contrast to the decompression disorders

described previously, events developed quickly and in full force: with

continuing ascent the symptoms progressed literally with the rise in height

and not uncommonly at an altitude of 4.5 km it reached such a degree that

the ascent had to be stopped and the pressure increased in the chamber.

With immediate descent and return of the animals to normal pressure,

decompression symptoms always disappeared without trace.

The results of all 57 experiments are shown in the table.

Gradual development of caisson symptoms after reaching an altitude

occurred in 13 cases; rapid development of decompression disorders
during the course of the ascent, in 12. From the table it is evident that

both categories of disorders were noted in six animals after they had

been at different depths, and at different intervals between decompression

and ascent. The disorders appeared independently of the depth at which

the animal was first. It should be emphasized only that caisson symptoms
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Provocation o f  decoiiipressioii s y i i i p t o i i i s  i n  tlic dog Ryzl i ik  by i i ieaiis of dsctvit to aii 
al t i tude after coining out of i i irreaacd pressure 

a - 1:3 i i i i i i  after dts(:oniprrs?loii froii i  d pressure of 1.6 at i i i .  no S I ~ I I S  of det.oi~ipressio~i 

disorders wbatsoever; 
coinpression) ,  ini t ia l  signs 01 clecoiiipression disorders are noted - xiiiir iiiliihition a ~ l d  
a favoring of tlir r ig l i t  h i n d  leg.  

h - 2 i i i i n  afrcr ascent to a l t i t udc  of 4.5 kill  t 15 r n i i i  after d r -  

which developed particularly rapidly during the course of the ascent 
normally occurred in animals after they had been at  depths considerably 
less  than the maximum. 
is of significance in the appearance of th r  symptoms. Most cases  of the 
gradual development of symptoms a t  an altitude w e r e  observed fo r  brief 
intervals and were not encountered a f t e r  the dog had bepn kept under 
ordinary conditions for  over an hour. 

The lntrrval between decompression and ascent 

Cases  of rapid development of 
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c - 4 rnin af te r  br ing  a t  a l t i tude  of 4.5 k m ,  signs of decompression disorders progress; 
d - 6 iiiin after being a t  a l t i tude  of 4.5 km. pronounced decompression symptoms i n  
t h e  right hind leg .  

d i sorders  during the course of the ascent occurred both after brief 
intervals and af te r  intervals a s  long as  1 h r  and 45 min. 
ascent to altitude of animals following decompression from increased 
p res su re  we noted that the occurrence of pronounced dyspnea and the 
development of general depression in almost all experiments. 
of these symptoms definitely did not correspond to the slight rarefaction of 
the air used and could not be explained by altitdde hypoxemia alone. 
these phenomena were particularly pronounced the grea te r  the increased 

In the case  of 

The intensity 

Both 
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Caisson symptoms in dogs during elevations to an altitude of 4.5 km after decompression

from increased pressure

lnterval
No. of Occurrence

Depth between

experi- (in m) decompression of

ment and ascent symptoms

9

10

ll

12

5

6

7

8

9

10

11

i

The dog Zor'ka (28 m)

18 1 h 20 nan

18 15 min

20 15 min

18 I h 40 rain

22 15 rain

24 1 h 20 rain

26 15 rain

26 15 min

26 1 h 40 rain

26 30 min

26 15 rain

26 1 h 30 rain

The dog Reks (24 m)

16 1 h

18 25 rain

18 40 rain

18 1 h 20 rain

19 1 h 40 rain

The dog Sokol (26 m)

The dog Valet (22 m)

16 I1. I
The dog Mishka (22 m)

14 45 rain

14 1 h 20 mtn

16 15 min

16 30 rain

18 25 min

18 30 rain

18 1 h 30 rain

I_ i h 30 rain

18 1 h 40 rain

19 40 mln

22 15 rain

m

m

I

7th minute at

an altitude

during ascent

2nd minute at

an altitude

5th minute at

an altitude

2nd minute at

an altitude

during ascent

5th minute at

an altitude

3rd minute at

an altitude

during ascent

during ascent

3rd minute at

an altitude

No.of
[ Depth

experi-I /in m)
ment

6

7

8

9

10

11

lnterval

between

decompression

and ascent

Occurrence

of

symptoms

The dog Druzhok (26 m)

12 15 rain

18 45 rain

20 30 rain

22 15 rain

22 I h

The dog Sedoi (16 m)

16 I 45min I

18 45 min

18 15 rain

The dog Bogatyr' (22 m)

14 45 rain

14 i h 40 rain

16 15 rain

16 45 rain

18 15 rain

18 I h 40 rain

20 25 rain

20 30 rain

20 30 rain

20 lh

20 2 h

The dog Ryzhik (24 m)

14 30 rain

14 45 rain

14 I h 15 rain

16 16 rain

16 16 rain

18 15 rain

18 1 h 30 rain

18 45 rain

6th minute at

an altitude

during aseect

7th minute at

an altitude

during ascent

during ascent

during ascent

4th minute at

an altitude

during ascent

during ascent

during ascent

m

during ascent

3rd minute at

an altitude

5th minute at

an altitude

2nd minute at

an altitude

N o t e. The figures indicated in parenthesis after the name of each dog represent the depth corresponding

to the PSC of the animal.
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pressure used initially, and the shorter the periods between decompression

and ascent to altitude.

Discussion of Results

In our opinion, the most interesting cases were those of rapid develop-

ment of caisson symptoms in animals during the course of ascent to

altitude after having emerged from safe increased pressure. This

phenomenon may be explained only by the supposition that prior to the

ascent, gas bubbles had already formed at certain places in the body,

despite the complete absence of external signs of typical decompression

disorders. The immediate and marked appearance of the symptoms which

occur in these cases during rarefaction may be explained by only one

thing- expansion of gases in a bubble which had already been formed and

an increase in its pressure on the surrounding tissues, or, in other words,

an increase in the mechanical effects through which the bubble, directly

or indirectly, causes painful sensations by interfering with the blood flow.

Therefore, consideration of asymptomatic occurrence of caisson disease

should include not only the possible formation of small gas bubbles in the

moving venous blood stream and asyrnptomatic air embolism in pulmonary

capillaries, but also the presence of "silent' gas bubbles in those places

where they exert their physiological influence, producing typical symptoms

in the limbs.

It is significant that such gas bubbles -- potential causes of symptoms

of cais,_zon disease -- are found in dogs long after decompression;

specifically, they are found even 1 hr and 45 min afterward, when, as a

rule, the danger of decompression disorders has passed even if maximum

increase of pressure has been applied. It is especially noteworthy that

such bubbles were formed in some dogs (Ryzhik, Mishka) even after a

pressure of 1.4 arm, i.e., 0.4--0.6 arm below the maximum corresponding

to the so- called PSC of the animals. These facts indicate that between

the onset of gas formation and the occurrence of typical signs" of caisson

disease there is a considerable gap, or, in other words, signs of

caisson disease initially occurred in the latent form as a rule, and only

after reaching a certain intensity did they lead to the development of typical

functional disorders.

The second category of cases, where signs of caisson disease developed

immediately after reaching altitude, is evidently associated with the

formation of gas bubbles under these conditions.

Here it may be supposed that prior to tile ascent bubbles did not form

at all or were of comparatively small size. Additional decompression

natural:Ly activates bubble formation, which leads to the development of

functional disorders.

Most cases of gradual development of signs of caisson disease at

altitude occur sooner after decompression than in cases of rapid

development. This is natural, because rarefaction is a distinctive

measure for supersaturation of the body with nitrogen in different periods

after decompression. In the late periods the danger of development of

decompression phenomena disappears. Here we can expect only caisson
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disorders associated with gas bubbles previously formed and localized in

typical areas of the limbs, but which had remained latent up to that time.

Data concerning respiratory changes and the general condition of the

animals during ascent to altitude after emerging from safe increased

pressure deserves special attention. Undoubtedly, both dyspnea and

general depression are connected with an increase in the air embolic

process during rarefaction; they represent earlier and more constant

consequences of supersaturation of the body with nitrogen than the typical

joint symptoms of caisson disease. Therefore, in diving practices and

caisson work special attention must be given to the general condition of the

persons during decompression, to the indices of cardiovascular activity

and respiration, and to subjective sensations of general aches and

tiredness, which, evidently, inevitably accompany the air embolic process.

Conclusions

I. Under the influence of rarefaction at various periods after decom-

pression from a safe increase in pressure, caisson disease symptoms

which develop in animals may be of dual nature: they may occur imme-

diately after the beginning of the ascent, or at various periods after

reaching an altitude.

2. After emerging from depths known to be safe, gas bubbles may be

formed and preserved for a long time in the body; they are the potential

causes of caisson disease symptoms. Thereby there may be no functional

disorders whatsoever.

3. Dyspnea and general depression of the body, evidently associated

with air embolism, constantly accompany signs of caisson disease; they

occur also when caisson disease phenomena do not lead to development of

typical decompression disorders in the limbs.

4. Provocation of caisson disorders by means of ascent to altitude is

a criterion of the presence of "silent" gas bubbles in the body and the

measure of its supersaturation with nitrogen. This method shows promise

for further experimental and possibly also practical use.
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P. M. Gramenitskii and A. A. Savich 9

RESULTS OF EXPERIMENTAL ANALYSIS OF DECOMPRESSION AIR
EMBOLISM

(Rezul'taty eksperimental'nogo analiza dekompressionnoi aeroembolii)

There is now no doubt that the air embolic process which begins in the

venous capillaries is an essential and possibly the major component in

pathogenesis of decompression disorders. Therefore, to understand the

mechanism of development of decompression disorders, it is very import-

ant to study the conditions which affect gas formation in the blood vessels,

the fate of the gas bubbles formed, and the physiological reactions which
they induce.

In the literature a great number of observations have been presented on

intravital and particularly post mortem gas formation in the body (Ber,

1878; Heller, Mager, SchrSter, 1900; Boycott et al, 1908; Harvey et al,
1944; Harvey, 1950; Blinks et al, 1951; Brestkin, 1952; Vavilov and

Gramenitskii, 1958; and others). However, a number of problems in this

field still remain unsolved: the sequence of appearance of gas bubbles in

different blood vessels, the quantitative relationships between gas

formation in different parts of the blood stream, the problems of principle

in the patency of pulmonary capillaries to air emboli, and the appearance
of the latter in the arterial blood.

In the present investigation we attempted to obtain additional data on
some of these problems.

Our experiments were divided into two groups: in some experiments

we dissected the animals after decompression, and actually observed gas
formation in the blood vessels and tissues both before and after the animal

had died; in others we used special techniques for demonstrating gas

bubbles in the blood (gas traps, centrifugation of blood) and simultaneously

recorded changes in respiration and cardiovascular activity in the animals.

Method *

Experiments with observation of gas formation in blood vessels were

performed o21 22 rabbits weighing 2--3.5 kg. The animals were kept in a

pressure chamber under apressure of 2.25 to5atm for 6 hrs. Decompres-
sion was conducted either at a maximum rate of I0--15 sec or a somewhat

reduced rate (50--60 sec). In the former cases, in order to avoid

pressure injury to the lungs, an hour before the end of the exposure period
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theanimalswereelevatedto thesurfacewithtwoor threebrief stops; a
tracheotomywasrapidlyperformedonthem, andtheywereagainsubjected
to compressionprior to the initial pressureeffect. At theendof anhour
final decompressionwasperformed.

Someof theanimalswerekilled withanelectric currentimmediately
uponemergingfrom increasedpressure; otherswereanesthetized(ether,
hexenal),after whichtheyweredissectedanda studywasmadeof the

blood vessels of the subcutaneous tissue, limbs, abdominal organs, aorta,

venae cavae, coronary blood vessels and cardiac chambers. Incidentally,

attention was directed to the occurrence of gas bubbles in the fat tissues

available to observation.

At the end of the experiment the lungs were tested for pressure trauma;

in all cases results were negative,

Experiments with gas traps and centrifugation of the blood were performed

on 30 dogs. * The animals under morphine and hexenal anesthesia, with

femoral and cervical blood vessels dissected beforehand, were placed in

bubbles _t

blood vessel

FIGURE1. Diagram of the gas trap

a chamber under a pressure of

3--13.5 arm for different periods of

time. The chamber had a forechamber

which served as an air lock. In the

case of long- term exposure and

pressure from 3.0 to 5.0 atm, 30--

60 rain before decompression two

investigators went into the chamber,

injected heparin into the animal, and

set up the gas traps in the carotid

artery and femoral vein. The arrange-

ment and principle of operation of the

gas traps are shown in Figure 1.

After setting up the gas traps the

investigators left the chamber through

the air lock, maintaining the decom-

pression conditions. At the end of the period of action of increased pressure

the dog was quickly raised to the surface, where observations were made

of gas formation; at the same time a record was made of respiration and

blood pressure on a kymograph. In those cases where a pressure of the

order of 9--13.5 atm was used, the arterial gas trap was set up before the

dog was put into the chamber but opened immediately after decompression.

Immediately after it was opened, the gas trap was introduced into the
femoral vein.

In six experiments an observation was made of the appearance of gas

bubbles in the arterial gas trap after intravenous injection of air into the

animals under ordinary pressure conditions. In five experiments, both

in the case of decompression and artificial air embolism, centrifugation

of the arterial blood was performed so that when it was separated into its

various fractions, small bubbles invisible to the naked eye would float up

and appear over the clear layer of plasma. For this purpose, both outlets

of the gas traps, entirely filled with blood, were closed with small stoppers;

upon centrifugation the latter were directed toward the center of rotation.

A study was made of a control sample of blood taken before the animal was

put into the chamber and of two or three samples taken after decompression.

* In the performance of some of these experiments N.Ya. Stdorov and K.S.Yurova participated.
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Resultsof theExperiments

In all experimentswithobservationof thebloodvesselsof animals
killed anddissectedimmediatelyafter decompression(pressuresof 2.25,
2.5, 2.75,3.0, 3.25,and5.0atmandexposureof 6hrs) wenotedwithout
exceptiontheappearanceof gasbubblesbothin theveinsandin the
arteries. Thenumberof gasbubblesdependedonthepressureusedin
theexperim.ents:at 2.25atmtheycouldeasilybecountedin oneor another
of thebloodvessels; withincreasein thepressureby lt4atmtheir number
increased,andat 3.25atmtheywerepresentin largenumbers;finally,
at 5armthebloodvesselsweresolidlyfilled withgas.

Thefirst gasbubblesin thebloodvesselswhichwerevisibleat
pressureso:_3.25--2.25atmappeared3--10rainafter decompression,
andat pressuresof 5atmtheywerefoundimmediatelyafter dissection.

Withrespectto the intensityof gasformationin theseexperimentsit is
difficult to saythatanyoneareaof bloodvesselswasparticularly affected;
it is importantto emphasizethathere, asa rule, therewasnogreat
differencebetweenarteriesandveins. In someexperimentsit wasfound
thatgasformationin thearteries beganearlier andproceededmore
activelythanin thecorrespondingveins. Toexcludethepossibilityof gas
bubblespas,,}ingth_bugharteriovenousanastomoses,weisolatedvarious
sectionsof arteries andveinswith ligaturesin anumberof experiments.
In all caseswheretheisolatedsectionsof variousbloodvesselswerenot
exceedinglysmall, gasformationoccurredbothin thevenousandarterial
blood.

In experimentsonanesthetizedrabbitswhich,whilestill alive, were
dissectedimmediatelyafter decompression,gasformationin thevenous
bloodwasalsoobservedwithoutexception.Theonlydifferencefrom
previousexperimentswasthatgasbubblesappearedsomewhatlater, in
smallernurnbers,andchieflyin theveinscarryingbloodfrom thetissues
rich in fat.

Becauseit wasimpossibleto observegasbubblesin thearteries during
themovementof blood,weligatedthearteriesat variousperiodsafter
decompression.In somecasestheabdominalaortawasligatedunderthe
diaphragm;at thesametimea ligaturewasappliedto thevenacavaat the
samelevelandin this waythebloodflowwasstoppedin theentirehind
part of theanimal'sbody. In othercasesthefemoralarteriesandveins,
therenalarteriesandveins, thebranchesof themesentericarteriesand
veinswereligated. In addition,a sectionof theabdominalaortawithout
branchesor sectionsof themesentericarterieswerealmostalways
isolatedbetweentwoligatures.

Theexperimentsshowedthatwhentheligatureswereappliedin the
first 10--15rainafter decompressiongasbubblesalwaysappearedin the
ligatedarteries, includingthosesectionswhichwerecompletelyisolated.
Whileinitia]:lysmall, thebubblesgraduallygrewlarger, developinginto
gasaccumu].ationsin a numberof cases. Underconditionswhichwere
otherwisethesame,gasformationprovedto bemoreactivetheearlier
thebloodflow wasstopped;whentheligaturewasappliedthefirst 3min
after decompression,its intensityin thearterieswasevensomewhat
greater, asa rule, thanin theveinsligatedin a similar way.

At apressureof 3.25atm, a 15 minuteperiodafter decompression
wasthemaximumforintra-arterial gasformation;gasbubblesnever
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occurred in a r t e r i e s  ligated after this  time. 
venous blood, both in nonligated and ligated blood vessels ,  could be 
observed f o r  a few score  minutes after this. 
t i s sues  (fatty t issues  surrounding the mesenter ic  blood vessels, re t ro-  
peritoneal, and subcutaneous fat), was distinct only af ter  the animals had 
been under pressure  exceeding 3 atm. 

of 3 atm was applied with a 6 hour exposure (five experiments). In all 
cases  5-8  min after decompression gas bubbles began to  appear in the 
venous gas traps; their  number increased so rapidly that shortly airerward 
the upper portion w a s  filled with a layer of fine bloody foam. Gas forma- 
tion in the venous blood increased in the f i r s t  15-20 min; beginning with 
the 30th-35th minute there  w a s  a gradual reduction, and 1-1.5 h r s  la ter  
it had almost completely disappeared. 
observed small  numbers (10-20) of gas bubbles in the a r te r ia l  gas t r ap  
in the 10th- 12th minute af ter  decompression; 
did not increase; 

Appearance of bubbles in the 

Gas formation in the fat  

In experiments on dogs with the use of gas  t raps ,  initially a pressure  

In three out of five experiments w e  

subsequently their  number 
all five animals survived caisson disease. 

FIGURE 2 .  Change  in respiration and  c i rcu la t ion  of a dog  with decompression a i r  embol i sm.  
The  beginning of t h e  record was m a d e  12 m i n  after decompression (pressure and exposure t i m e  as 
follows: 5 a r m ,  20 min: 4 a t m ,  2 hrs; 3 a t m ,  1 hr 30 min; 4 a r m .  1 hr 30 min). Experiment  
of 12 May 1959. 

From top down: 
intervals;  b a s e l i n e o f  t h e  blood pressure, 
110 m m .  
arrow indicates the  appearance  of bubbles in [he  a r te r ia l  blood. 

respiration, blood pressure in t h e  femoral artery; t i m e  marking .  3-second 
T h e  blood pressure a t  t h e  heginning of the  record was 

T h e  mark on t h e  bottom curve represents rhe opening of t h e  ar ter ia l  gas trap; t h e  

In the other 15 experiments p re s su res  f rom 5- 13.5 atm w e r e  used with 
different exposure times. 
the table, from which i t  i s  evident that in five cases  accompanied by 
moderate o r  slight gas  formation in the venous blood, bubbles were not 
found in the a r te r ia l  gas t rap .  
a vigorous gas formation in the veins, gas bubbles a lso appeared in the 
a r te r ia l  blood. 
they came to several  score.  In those cases  where rapid death of the 
animals did not occur, the appearance of gas bubbles in the a r t e r i a l  blood 
stopped after a cer ta in  time (usually 12-20 min); 
vigorous gas formation continued. 

The resu l t s  of these experiments a r e  shown in 

In the other 10 experiments, together with 

In some experiments they were occasional; in the majority 

in the venous blood 
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Change,3 in the respiratory and cardiovascular activity of the animals

were, in general, typical of pronounced caisson disease and essentially

fit the picture described previously by I. I. Vavilov and P. M. Gramenitskii

(1958). However, a comparison of these functional changes when gas

forms in the arterial blood showed the following curious fact: when a

considerable number of gas bubbles was noted in the arterial gas trap

a pronounced and quite long- lasting pressor reaction usually occurred,

against a background of bradycardia, with periodic marked increases in

the heart rate (Figure 2).

After intravenous injection of air into the animals at ordinary pressure

we never observed the appearance of gas bubbles in the arterial gas trap,

even though the air had been introduced in large quantities and the dogs

ultimately died of air embolism.

Centrifugation of the arterial blood was unjustified from the methodolo-

gical viewpoint and failed to give distinct results.

Discussion of Results

The experiments performed confirmed the principle already known that

the air embolie process in the venous system represents the basic
phenomenon in pathogenesis of overt decompression disorders. At the

same time, new facts were obtained dealing with the appearance of gas

bubbles in the arterial blood during decompression disorders.

It is not surprising that intense gas formation occurs not only in the

venous but also in the arterial blood of animals killed immediately after

rapid decompression from pressures of 2.25 atm or more. During the

short period of actual decompression and the 15--30 sec which elapsed

at the surface before the animal's death no considerable desaturation

could have occurred, and all the body tissues including the arterial blood

were equally supersaturated with nitrogen. True, if we consider that the

arterial blood comes to equilibrium with alveolar air with respect to

nitrogen diffusion just as quickly as with respect to oxygen or carbon

dioxide diffusion, i.e., almost instantaneously we might expect, under these

conditions, a somewhat lesser degree of gas formation in the arterial

blood than in the venous blood. However, the experiments did not show

this. The fact that gas bubbles and accumulations did appear in the

stopped arterial blood when the arteries were ligated comparably long

periods (up to 15 min) after decompression is most interesting and, it

might be said, unexpected. As has already been pointed out, visible gas

bubbles do not appear immediately after application of the ligatures, and

once they eppear, they continue to increase in size steadily. Therefore,

this was not a matter of ligation of the arteries and stoppage of their blood

flow permitting the detection of gas bubbles which had previously formed

in the arterial blood; this was undoubtedly a matter of gas formation
within the arterial vessels.

True enough, experiments with gas traps lead us to suppose that in

the arterial blood in the presence of overt signs of caisson disease,

sometimes with occasional bubbles visible to the naked eye, there may

also be a quite large number of microscopic "gas embryos". However,
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even here, the fact that no large quantities of gas are formed in the ligated

artery is beyond doubt.

The reasons for this gas formation may be reduced to three circum-

stances: because of slow diffusion of nitrogen in the lungs the arterial

blood as a whole remains supersaturated with it in the periods indicated

after decompression, or the formed elements of the blood which

desaturate more slowly than plasma furnish the nitrogen, or the nitrogen

diffuses into the stopped blood from the arterial walls, which, incidentally,

are rich in lipoids which readily dissolve indifferent gases.

These three possible causes of gas formation in the ligated arteries

may well operate simultaneously. In any case, the results of the experi-

ments leave no doubt that in these situations (rapid decompression from

pressures of 2.25--3.25 atm after a 6 hour exposure period) there are

all the conditions for gas formation in the arterial blood (in the arteries)

10--15 rain after decompression.

Evidently, the only factor preventing the realization of these conditions

in the intact organism, as was the case in our experiments, is the rapid

movement of arterial blood. For the formation of visible gas bubbles in

a supersaturated solution a time measured in minutes is required, where-

as a certain portion of the arterial blood traverses its entire route from

the pulmonary capillaries to the capillaries of even the furthest parts of

the body in a period measured in seconds. This time is clearly inadequate

for microscopic gas bubbles or "gas embryos" formed in the blood itself

and passing through the pulmonary capillaries to increase to a large size.

Relatively large gas bubbles in the moving arterial blood evidently can

be formed only when there are severe degrees of supersaturation of the

body with the indifferent gas. Apparently, our experiments with gas traps

attest to this. However, in connection with everything stated, the results

cannot be evaluated categorically: a considerable slowing of the blood flow

in the gas trap may have played a part in the appearance of gas bubbles

visible to the eye.

The facts obtained make us take a somewhat different approach to the

problem of decompression air embolic phenomena in the arterial system.

Sources in the literature usually pose this problem in the following

manner: If the pulmonary capillaries are patent to gas bubbles, as

Fotakis, L'Hermite and Hasseigne and Pines (quoted by Yakobson, 1950)

believe, the appearance of gas bubbles in the arterial blood is entirely

possible; if the pulmonary capillaries are not patent, as the majority of

investigators (Magendie, 1821; Shestopal, 1898; Miram, 1909; Ii'in,

1914, and others) state, there should be no gas bubbles. Such a formula-

tion of the problem is, in our opinion, unjustified. Undoubtedly, the

pulmonary capillaries, in contrast to the vascular system of the greater

circulation, do not permit the passage of large bubbles visible to the eye,

but this does not at all mean that they are absolutely nonpatent to air

emboli. The latter, after blocking the capillaries, decrease in size

because of nitrogen diffusion into _he alveolar space, and become smaller

than the capillary diameter. Then, by force of the blood pressure, they

should inevitably be carried into the pulmonary veins.

If the arterial blood is not supersaturated with nitrogen, microscopic

gas bubbles may be dissolved in the plasma, as pointed out by A. P. Brestkin

(1953), because of excess pressure in them which increases with volume
reduction.
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Evidently,becauseof theself-destructionof subcapillarygasbubbles
passingthroughthepulmonaryvascularsystem,underordinary
conditionsweneverfindair in thearterial bloodafter it hasbeenintro-
ducedinto theveins.

A differentsituationarisesin decompressionair embolism. Here,as
experimentshaveshown,for manyminutesafter decompressionthe
arterial bloodcontinuesto besupersaturatedwithnitrogen,andall con-
ditionsarepresentfor theexpansionof gas"embryos"whichhavepassed
throughthepulmonary capillaries. However, because of the rapid move-

ment of arterial blood the gas bubbles in it cannot expand to a large

size, and, as a rule, no air embolism occurs in the arterial branches of

the greater circulation, particularly since they are considerably more

patent to gas bubbles than the pulmonary capillaries.

On the basis of everything stated, we can represent the development of

air embolism when the body is considerably supersaturated with nitrogen

initially after decompression in the following way. Large masses of gas

constantly formed in the slow- moving venous blood are retained in the

pulmonary capillaries, where diffusion of nitrogen from the air emboli

into the alveolar space occurs. Microscopic gas bubbles constantly

penetrate into the arterial blood through the pulmonary vascular system;

because of the supersaturation existing here they begin to expand, but

because of the rapidity of the blood flow, they do not reach a large size,

and they enter the tissue capillaries, where they meet all the conditions
for further increase in size. Therefore, progressively newer portions

of gas come to the lungs; they are retained and, to a considerable degree,

eliminated there, and only the smallest gas bubbles pass through the

arterial system constantly. It is significant that the possibility of their

enlargement to dangerous embolic size is determined by the time of

passage of the arterial blood to one part of the body or another. Such a

danger is less threatening to organs located closer to the heart, and,

evidently', is practically impossible for the heart muscle itself.

In conclusion, it should be noted that the most important idea stemming

from the facts obtained is that of slow nitrogen diffusion. This requires

the most immediate experimental verification, because it deals with the

fundamental question of the entire problem of decompression disorders --

the rate of saturation and desaturation of the body as a whole and of its

separate tissues.

Conclusions

1. When rabbits were killed immediately after decompression from a

pressure of 2.25 arm or more after a 6 hour exposure, pronounced gas

formation occurred in the veins and arteries of various parts of the body.

2. Under similar conditions in living rabbits after ligation of arteries,

carried out in the first 15 rain after decompression and in completely

isolated sections of arteries, gas bubbles and an accumulation of gas are
found.

3. With active post- decompression gas formation in the venous blood

of dogs, gas bubbles usually appear in the gas trap introduced into the

carotid artery, and are associated with an increase in blood pressure and

bradycardia.
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4. After air is intravenously injected, it cannot be found in the arterial
blood.

5. When the body is considerably supersaturated with nitrogen, for a

comparatively long time after decompression (at 3.25 atm, 15 rain) all

conditions are present for gas formation in the artery. However,

because of the rapid flow of the arterial blood the gas bubbles in it usually

do not manage to increase to visible size.

6. The data obtained suggests the idea of slow nitrogen diffusion in the

lungs and, evidently, in the tissues.
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P. M. Gramenitskii,

N6:713
A.A. Savich, and K. S. Yurova

THE EFFECT OF DIFFERENT GASES ON THE ORGANISM

AFTER INTRAVENOUS ADMINISTRATION

(Deistvie na organizm razlichnykh gazov pri ikh vnutrivennom vvedenii)

As determined by A.P. Brestkin (1958), blood is much less

able to retain nitrogen in a supersaturated solution than other body tissues.

Because of this, when decompression exceeds the limit of the permissible

change in pressure, gas formation occurs with particular ease in venous

blood, which is supersaturated with nitrogen diffusing into it from the

tissues. The studies of I. I. Vavilov and P. M. Gramenitskii (1958) show

that air embolism of the venous system and pulmonary blood vessels is

the central phenomenon in the pathogenesis of decompression disorders.

On this basis, it was interesting to study the body's reactions to

injections of various gases into the venous blood, because in actual cases

of caisson disease gas bubbles may differ considerably, depending on the

gas mixture breathed before decompression, as well as on the absolute

pressures under which the decompression disorders developed. The

lower this pressure, the more readily the bubbles of indifferent gas

(nitrogen or helium), molecules of carbon dioxide or oxygen, will diffuse.

Therefore, it was interesting to investigate the effect of each of these

gases separately, as well as air and a helium- oxygen mixture, which are
used for breathing in underwater descents.

Method

In all, 68 short- term experiments were performed on 50 cats and 18

rabbits, and 15 long-term experiments were performed on rabbits. A

short- term experiment was performed under hexenal anesthesia. A

kymographic record was made by the usual method of respiration and blood

pressure in the left femoral artery. A cannula was inserted into the

right fe_noral vein for the introduction of gas. The latter was carried out

by means of a special system, consisting of a large (3 liter) funnel from

a gas meter and a glass burette of 15 ml, which were connected by a

rubber tube, with a screw clamp regulating its lumen. This system of
connecting vessels was filled with water. A rubber tube connected to the

venous cannula during the introduction of the gas was set on the upper end

of the burette. This tube and the burette were filled to the top mark with

one gas or another and the screw clamp was tightly closed; the funnel with
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the fluid w_ts placed 20 cm above the burette. The system was connected

with the venous cannula. On opening the screw clamp the gas began to

enter the vein under the pressure of the fluid. The rate of its introduction

could be regulated accurately, In a number of short- term experiments

the animals breathed oxygen or a helium- oxygen mixture during the

injection of the gases. In these cases a tracheotomy was performed, and

respiration was carried out through a miniature valve box connected to

the tracheotomy tube. In 14 experiments a comparison was made between

the reactions to intravenous gas injection in animals with an intact

nervous system and those in animals whose vagus nerve had been severed

in the neck.

In all, 15 injections of carbon dioxide, 40 of oxygen, 90 of air and

26 of the helium-oxygen mixture were given. The rate of administration

of the gases and the sequence with which they were used differed in

various cases depending on the aims of the experiment. In the long- term

experiments the gases were introduced into the auricular veins of rabbits,
after which the condition and behavior of the animals were observed.

Results of the Experiments

The respiratory and circulatory reactions to the intravenous injection

of indifferent gases (nitrogen, helium, and an 80 % mixture of each

gas with oxygen) were very similar to those noted during development of

decompression air embolism (Vavilov and Gramenitskii, 1958). In both

cases the situation amounted essentially to a gradual increase in dyspnea

with characteristic periodic deep and sudden inspirations, a steadily

progressive drop in blood pressure, and bradycardia occurring shortly

after the administration of the gas in most cases. Cutting the vagus nerves

in the neck eliminates bradycardia but not dyspnea. With continued

administration of the gas in lethal quantities, respiration is inhibited and

then stops in the preagonal period; the blood pressure drops to critical

levels, and following respiratory arrest, the cardiac activity stops after

a number of arrhythmical -- now weak, now strong -- heart beats.

As the short-term experiments showed, different gases vary greatly

in the degrees of their effects after intravenous administration. It was

found that the body suffers most severely from intravenous air injection,

tolerates the administration of helium and the helium- oxygen mixture

better, that of oxygen much better and, finally, that of carbon dioxide

particularly well. These relationships are illustrated by the kymograms

presented below.

It should be noted that the effects presented on the kymograms refer

to cats, which, as the experiments showed, are incomparably more

resistant to the intravenous administration of gas than rabbits. Thus,

for rabbits the injection of even 1.0--1.5 ml of air in 30 sec was lethal,

whereas cats can tolerate an injection of 10--15 ml of air at a rate of
1 ml in 20 sec.

On Figure 1 the effect of an injection of 14 ml of air into the femoral

vein of the cat at the rate of 1 ml in 14 see is shown. As a result, after

brief inhibition of respiration, dyspnea occurred, and the blood pressure
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droppedfrom 110to 25ram. At theendof theadministrationgradual
functionalrecoverwasnoted,buteven27minafter theinjection(thelast
recordontheright) thebloodpressurehadnotreturnedto theinitial level.

In Figure2theeffectof the injectionof thesamequantityof heliumat
a somewhatgreaterrate(1ml in 12sec)is shown.Asthekymogram
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shows, changes in respiration and

cardiovascular activity were less

pronounced.
The blood pressure dropped from

112 mm to 40 ram, but as early as

3 minutes afterwards it had almost

returned to the initial level,

Figure 3 shows the effect of oxygen

injected into the vein at a rate of

1 ml in 13 sec. The initial abrupt

blood pressure drop is explained by an

increase in the rate of gas administra-

tion. After the administration of

14 ml of oxygen, as the kymogram

shows, no marked changes are noted

in respiration or blood pressure.
Critical functional disorders occurred

only after the administration of 41 ml

of oxygen.

Experiments with intravenous

injection of carbon dioxide at the
same rate showed that the animals

can compensate for this effect

indefinitely. Thereby the blood

pressure does not change appreciably,

and only a uniform and active dyspnea

occurs.

As shown in Figure 4, even the

sudden intravenous injection of very

large quantities of carbon dioxide

(32 ml in 12 see) causes only a brief

blood pressure drop and very transit-

ory respiratory changes; functioning
returned to normal in the next few

minute s.

It was found that the ease with which

the body tolerates intravenous injection

of one gas or another depends to a

considerable degree on the diffusion

relationships created in the lungs.

Thus, if the animal is made to breath oxygen it tolerates the intravenous

injection of oxygen less well than under ordinary conditions, i.e., during

the breathing of air. The administration of air while breathing oxygen is,

conversely, tolerated appreciably better. Likewise, intravenous injection

of helium is less easily tolerated when the animal breathes a helium-

oxygen mixture rather than ordinary air, and better tolerated when the
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animals breathe oxygen. However, it should be noted that after intra-

venous administration of gases the role of these diffusion relationships

are clear only up to a certain time during the injection, i.e., before the

air embolic phenomena reach a considerable degree of severity and assume

threatening proportions. In the same period, regardless of the nature of

the gas injected into the vein, inhalation of oxygen is always useful.

Actministration

CO 2 in 75 min

FIGURE 4. Change in respiration and blood pressure in an anesthetized
cat after intravenous administratiou of 32 ml of carbon dioxide in 12 sec

The key is the same as for Figure 1.

The experiments showed, however, that the different effects of these

various gases cannot be explained simply by diffusion relationships

created in the lungs; they depend also on the properties (diffusion power)

of the gases themselves. Thus, air administration while breathing air

is less well tolerated than a helium-oxygen (21% oxygen) mixture while

breathing the same mixture, and much more poorly than the administration

of oxygen while breathing oxygen.

In observations of vagotomized animals during intravenous gas adminis-

tration we gained the impression that cutting the vagus nerves increases

body resistance to air embolism. However, the very great individual

differences in the animals' resistance to this effect interfered with drawing

any categorical conclusions in these experiments.

Long-term experiments performed on rabbits completely confirmed the

differences noted above and the interrelationsh:tps of physiological effects

of intravenous administration of the four gases investigated.

Discussion of Results

The great similarity between respiratory and circulatory changes found

after intravenous administration of gases and those associated with overt

decompression disorders confirms the leading role of air embolism in
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the venous system and pulmonary capillaries in the origin of these

disorders. Hence it follows that artificial air embolism is a good model

of general decompression disorders and may be used advantageously for

the study of the mechanisms of their occurrence and development.
It also follows that essential differences in the physiological effects

of the different gases when given intravenously, which have been found

in a number of experiments, must, of necessity, be considered in the

analysis of caisson disease phenomena encountered in diving practice.

Differences in the effects of various gases are evidently associated with

two circumstances. The first involves chemically active gases -- oxygen

and carbon dioxide -- which, when they are injected into the blood stream,

can be more or less bound by substances present there (oxygen, by

hemoglobin; carbon dioxide, by alkalis).

The second circumstance applies to all the investigated gases and

amounts to their different diffusion capacities. As is well known, carbon

dioxide has a much greater power of diffusion than oxygen; helium, much

greater than nitrogen. For the last two gases, which are chemically

indifferent, the difference in the diffusion capacity is evidently decisive

and the sole reason for the differences in degrees of their physiological

effect. The course and outcome of artificial air embolism will depend

chiefly on how quickly the gas bubbles entering and obstructing the

pulmonary capillaries are eliminated. Their elimination is determined by

the rate of gas diffusion from these bubbles into the alveolar space. Helium

has a milder physiological effect than nitrogen because, due to its greater

power of diffusion, helium- air emboli are more rapidly eliminated by the

body.

This fact may explain the apparent discrepancy between A. P. Brestkin's

data (1958) concerning the permissible supersaturation coefficient of

solutions with helium and nitrogen, and the results of studies of the

permissible supersaturation coefficient of the human body with these gases

which he made in cooperation with I.A. Aleksandrov (1963). A.P. Brestkin's

experiments with in vitro solutions showed that helium forms bubbles in

solution with a lesser degree of supersaturation than nitrogen; in the

investigations of A. P. Brestkin and I. A. Aleksandrov it was determined

that the development of caisson disease symptoms in persons who have

been under increased pressure occurs at a greater supersaturation when

they breathe helium-oxygen than when they breathe air. Probably, when

the body is supersaturated with helium, gas bubbles form more easily

than in the case of nitrogen supersaturation, but because of the greater

stability of the nitrogen bubbles, decompression symptoms during the

breathing of air develop with a lesser degree of supersaturation.

In the light of the above, the significance of the diffusion relationships

between air emboli and the alveolar air studied in our experiments becomes

quite understandable, Air emboli made up of a different gas than that which

fills the alveolar space will be eliminated by diffusion more rapidly than

air emboli of a composition similar to the alveolar air, under conditions
which are otherwise the same.

The results obtained in the experiments lead us once again to direct

attention to the use of oxygen for decompression air embolism, on which

P. Ber insisted (1878).

The fact that with far- advanced air embolism, oxygen is more beneficial

even though its intravenous administration causes functional disorders,
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anddisadvantageousdiffusionrelationshipsareapparentlycreatedin the
lungs,is explainedevidentlybythedevelopmentofpronouncedhypoxemia
dueto blockageof a largenumberof pulmonarycapillarieswithgas
bubbles.Thenatureof thegasblockingthecapillaryis evidentlynotof
greatirr_portancefor thedevelopmentof hypoxemia,andthelatter, with
a certaindegreeof air embolismin thepulmonaryvessels,always
becomes,a generalandmostsignificantphenomenonin thepathogenesis
of decompressiondisorders.

Conclusions

i. Changes in respiration and circulation occurring in animals after

intravenous injection of different gases are very similar to changes in these
functions in the presence of pronounced compression disorders. This is

evidence of the leading role of air embolism of the venous system and

pulmonary vessels in the development of general decompression disorders.

2. Different gases vary greatly in the strength of their physiological

effects after intravenous injection. The body suffers most severely from

the intravenous injection of nitrogen; it tolerates intravenous injection of

helium appreciably better; of oxygen, even better; and of carbon dioxide,
particularly easily. This is explained by the different diffusion capacities

of these gases, and, in the case of oxygen and carbon dioxide, also by the

possibility of their chemical combination in the body.

3. The results of artificial air embolism depend to a great degree on

the diffu_sion relationships created in the lungs between the air and the gas

mixture filling the alveoli. Hence, it follows that in the elimination of air

emboli the leading part is played by diffusion of their constituent gases
from the pulmonary vessels into the alveoli.

4. The facts listed above should be taken into consideration in the

analysis and treatment of decompression disorders.

5. Artificial air embolism can constitute an experimental model for
general decompression disorders.
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_6 6_" _7_35 P.M. GramenitskiiandK. S. Yurov a

TRAINING OF THE ORGANISM FOR ARTIFICIAL AIR EMBOLISM

(Trenirovka organizma k iskusstvennoi aeroembolii)

In the experiments of V.A. Aver'yanov, P.M. Gramenitskii and

A.A. Savieh (lfl61) it was determined that in dogs repeatedly exposed to

the effects of decompression after emerging from increased pressure, an

increased resistance to decompression disorders occurred. In this

connection, the problem naturally arose of the basis and physiological

mechanisms of this phenomenon.

All existing data on the subject permits us to suppose that this increased

resistance is based, to a considerable degree, on the perfection of the

body's reactions to decompression embolism. Gas formation in the blood

in overt decompression disorders has been noted by the majority of

investigators working on this problem (Ber, 1878; Heller, Mager, and

Schr6tter, 1900; Boycott, Damant and Haldane, 1908; Hill, 1912;

Harvey, Burnes, et al, 1944; Yakobson, 1950; Blinks, Twitti, and

Whitaker, 1951; and others). _rom the works of A.P. Brestkin (1958),

I. I. Vavilov and P. M. Gramenitskii (1958) and from the recent studies of

P. M. Gramenitskii, A.A. Savieh, and K. S. Yurova (1964), it follows that

air embolism is a central factor in decompression disorders and always

precedes and accompanies the development of typical caisson disease

symptoms in the limbs. At a certain intensity, the air embolism, which

develops essentially in the venous blood and pulmonary vessels, undoubtedly

causes a number of respiratory and circulatory reflex reactions, among

which are those contributing to the elimination of gas bubbles already

formed in the blood, and preventing the formation of new ones. There is

also no doubt that the condition of respiration and circulation directly

affects desaturation of the tissues with respect to the indifferent gas, gas

formation in the tissues, and resorption of already formed extravascular

gas bubbles. All the above supports the idea that general increase in

resistance to decompression disorders is based on perfection of _ompensa-

tory reactions of the body to air embolism. The present work was under-

taken to check this idea, mainly by determining the possibility of increasing

body resistance to air embolism, by means of regularly repeated intra-

venous injections of air into animals, in doses which do not cause serious

functional disorders.
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Method 

The experiments w e r e  performed on 32 
for  the control experiments. 

* 

rabbits, half of which served  

In al l  cases  a i r  was injected into the auricular veins of the rabbits from 
a well- ground syringe through a fine needle a t  a ra te  of 1 m l  in 15 sec. 
At the end of the injection the animals were placed on the table without 
fixation and observed continuously for  2 hrs .  

Results of the Experiments 

We f i r s t  determined which doses of a i r  caused the initial, very 
t ransi tory functional changes, which produced overt disorders ,  and finally, 
-::hi& !ed to i r revers ible  disnrders  and death. 
form of slight dyspnea and some general inhibition of the animal, were 
found after an  injection of 0.5-0.6 ml of a i r .  
pronounced dyspnea, general depression, and sometimes mild, very 
t ransi tory pares i s  of the hind legs. 
dyspnea and general depression were more  pronounced and signs of 
opisthotonos and pares i s  of both hind legs  occurred. 
usually disappeared without t race  in time; only in some cases did the 
rabbits die. 
in the agonal period generalized convulsions appeared. Finally, an injection 
of a i r  in quantities of 2.0 ml  o r  more  is undoubtedly lethal to the rabbits. 
It should be emphasized that even after the administration of doses of a i r  
known to be lethal, in almost all animals paralysis of the hind legs  
develops together with general depression and marked dyspnea; the 
forelegs a r e  always paralyzed last, i f  a t  all. Figures 1, 2, and 3 show the 
conditions of the rabbits after the injection of different quantities of a i r .  

The first reac t ions ,  in  t h e  

Doses of 1.0 ml  caused 

After the injection of 1.3 nil of a i r ,  

All these phenomena 

Doses of 1.5 ml  of a i r  w e r e  lethal to the majority of animals; 

FIGURE 1 Rabbit No 12. rhrer minutes afrer in t ravf ’nnus  injection ol 
1 3 n i l  of a i r  
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FIGURE 2 
1 ,5 ml  of a i r  

Rabbit No. I .  eight miiiutes a f te r  intravenous in jec t ion  of 

FIGURE 3 Rabbit No. 2. t w o  minutes  after intravenous injecrion of 
3 nil of air  

In Table 1 the results of the control experiments a r e  presented. 
After determining the lethal doses of air in the control experiments 

we began the main experiments. 
Initially, for the purpose of evaluating the basic reactions,  each rabbit 
was given 1.2-1.3 ml  of air .  
was given threshold doses (0.6 m l )  and then increased doses, 1,2,and 3 t imes 
each day (with repeated injections at  2 hour intervals).  Finally, the 
action of doses known to be lethal w a s  checked, The resul ts  of the experi-  
ments, given in Table 2, show a definite increase in the resis tance of the 
rabbits to the harmful effect of a i r  embolism as a result  of repeated 
regular injections of a i r ,  beginning with comparatively small  doses. Even 
during the experiments, a f te r  a numbpr of injections of a i r  in threshold 
doses (0.6 ml), the rabbits acquire the capacity of tolerating doses of 

The procedure for  them was a s  follows: 

After this, for  a number of days the rabbit 
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1.0, 1.5andeven2ml equallywell (Table2, rabbitsNos.3, 4, 6, 7and
8). Consequently, the animals can tolerate quantities of air known to be

lethal. Thus, in six cases the rabbits withstood an injection of over 4 ml;

two of them (Nos. 6 and 7), 6.5 and 8 ml, i.e., doses more than 4 times

greater than the median lethal doses. This data indicates the possibility

of a unique training of the body to such an unusual effect as the intravenous

injection of gases.

TABLE 1

Results of intravenous injection of different doses of air into rabbits in control experiments

No. of Quantity of

experi- air injected Reaction of the body to the injection of air and outcome of the experiment

ment (in ml)

10

11

12

13

14

15

16

2

1,5

1.5

1.5

1.8

1.3

1.3

1.3

1.0

0,6

0.5

0.3

Generalized tonic convulsions. Death in the 3rd minute

Paralysis of the hind legs and then of the forelegs. Death in the 3rd minute

The same reaction. Death in the 5rh minute

Very marked general depression and then paralysis of the hind legs and

opisthotonus. Death in the 16th minute

Opisthotonus and generalized convulsions. Death in the 3rd minute

The same reaction. Death in the 5Ih minute

Steadily progressive dyspnea and paralysis of the hind legs. Death in the lqth

minute

The same reactions. Death in the I2th minute

Paralysis of the hind legs, chronic convulsions of the anterior part of the body.

Death in the 4th minute

Marked dyspnea, opisthotonos, paralysis of the hind legs. Death in the 6th

minute

Dyspnea, paresis of the hind legs. Survived

Dyspnea, general depression. Opisthotonos. All survived

Pronounced dyspnea, general inhibition. Survived

Dyspnea, very slight inhibition. Survived

The same

No apparent change

Our fears of cumulative effects, particularly when animals were given

three portions of air daily over a number of days (rabbits Nos. 10 and 11),

were completely dispelled by the experiments, which showed that after 3

injections of air daily the effect of increased resistance was greatest.

Specially performed experiments (18 experiments on five rabbits) to

determine how quickly the body eliminated air emboli introduced into the

blood are of interest in this connection. At various periods (5 min to 2 hrs)

after the intravenous injection of readily tolerated doses of air into rabbits

(usually 0.8 ml), we raised them to 4.5 km in a pressure chamber and

kept them there for 5 rain. At this altitude the intact rabbits showed no
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essential functional changes except for a slight general inhibition and mild

dyspnea. In rabbits which had been given air there were severe functional

disorders after the ascent to altitude in the form of marked dyspnea,

opisthotonos, loss of equilibrium, paresis of the limbs and even convulsions.

These phenomena, undoubtedly associated with expansion of air emboli

introduced into the blood vessels during the ascent, were more pronounced

the shorter the interval between injection and ascent, and were absent

when the interval was increased to 1 hr and 30 rain- 1 hr and 45 min.

TABLE 2

Results of intravenous injection of air into rabbits after training for artificial air embolism

No. of

animal

9

10

II

Subliminal dose of ale (ill ml)

and duration of utilization

0.6 ml daily for 6 days

The same

0.6 mldaily for 6 days: 1,0 ml

daily for 4days: t.5 mldaily

for 5 days

0.6 mldaily for 6days t.0 ml

daily for 4days: 2.0 mldaily for

5 days

t.0 ml dally for 5 day's

0.6 ml daily for 6 days; 1.0 ml

Doses of air

admiuiste red

after training

(in ml)

2.5

2.6. and then

4.0

2.0

4.0

2.0

2.0, and then

Reactions to air administration

and outcome of the experinleut

Temporar} ge_rerai depression, transitory

paresis of the hind legs. Survived

D}spnca, tenlporar) depression. Survived

The same

Very transitory paresis of the hind legs

Survived

Marked dyspnea, Survived

After administration of 2.0 ml, no per-

daily for 6 days; 1.5 mldaily for

3 days

0.6 ml twice daily for 6 days;

0.8 m! twice daily for B days;

1.5 ml twice daily for 8 days

0.6 ml daiiy for 5 days; 0.8 ml

daily for 6 days; 1.3 m! daily for

5 days

0.6 ml three times daily for

5 days

0.6 ml three times daily for

5days: 0.8 ml three times daily

for 4 days

0.8 ml twice daily for 6 days:

0.6 ml three times daily for

5 days

8.0

6.5

8.0

3.0

4.0

3.5

4.5

sistent se0uelae; after injection of 8.0 ml,

flaccid paralysis of the hind legs. Survived

After first test, transitory paresis of the

hind legs

After second test general paralysis of the

_hole body. Death

Marked dyspnea and general inhibition.

Survived

General paralysis of the body. Death

Transitory paresis of hind legs Survived

Temporary paralysis of the hind legs and

dyspnea. Survived
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Rabbits raised to altitude at such periods after_he injection of 0.8 ml of

air were no different from intact rabbits. Hence, it may be concluded

that during this period the body manages to cope with the dose administered,

and at the time of the ascent the air emboli are completely, or mostly,

eliminated. It is very interesting that the same rabbits, after many days'

training with air injection, showed no functional disorders in the ascent to

altitude even after considerably shorter intervals (45 rain -- 1 hr) between

injection and ascent. Therefore, as a result of such training the body

acquires the capacity of more rapidly eliminating air emboli injected into
the blood.

Conclusion

Of all the phenomena produced by intraw,_nous injection of air, the most

strikirg is the predominant involvement of the hind legs and posterior half
of the rabbits' bodies. Paresis and paralysis of the hind legs and the

entire posterior half of the body are the most typical signs of severe

artificial air embolism. It should be kept in mind that these symptoms

are al,3o found, as a rule, in severe decompression disorders. Paresis

and p_.ralysis of the lower half of the human body in caisson disease (the

posterior half in animals) are usually thought to be the result either of gas

formal:ion in the actual spinal cord tissue or obstruction of the blood

vessels of corresponding spinal segments by gas bubbles.

In our cases the first explanation is absolutely inapplicable; the second

requires the assumption that the emboli pass through the pulmonary

capillaries and obstruct the spinal cord blood vessels on the arterial side.

However, this is also doubtful, because when air is injected into the veins

it usually is not noted in the arteries (Gramenitskii and Savich, 1964). It

remains for us to assume that the spinal cord functions suffer as a result

of circulatory disorders and hypoxernia which develop at the same time.

This explanation holds better for decompression paraparesis and paraplegia,

since these phenomena are very constantly found with severe degrees of

general anoxia, particularly in high- altitude hypoxemia.

As for the interpretation of the main fact found in long-term experiments

(increase in resistance to intravenous injection of air), thus far we can only

suppose the physiological mechanism underlying it. Undoubtedly, the main

factor producing various reactions to artificial air embolism is obstruction

of the pulmonary capillaries with gas bubbles. Evidently, reflexes can

occur, first of all, from direct irritation of the capillary walls by the gas

bubbles; secondly, from hemodynamic changes associated with obstruction

of the pulmonary capillaries (increase of the pressure in the pulmonary

capillaries and in the great veins of the greater circulation, and reduction

of pressure in the pulmonary veins in the aortic system); and finally,

from changes in the gas content of the arterial blood: as a result of

obstruction of numerous pulmonary capillaries, it must be supposed that

the gas exchange in the lungs is incomplete, i.e. hypoxemia and, perhaps,

hypercapnia develop. In all three cases the reflexes must, evidently, be

compensatory in nature; evidently, the training for air embolism which we

noted is based on a perfected, better expressed occurrence of these
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reflexes. Further studiesshould decide whether or not training for

artificial air embolism will be useful in the body's fight against caisson

disease during decompression from descent to depth and, conversely,

whether the animals will show increased resistance to intravenous

injections of gases after many repeated decompressions. The occurrence

of such a crossed effect would prove the theory that perfection of

protective reactions against air embolism underlies the increase in body

resistance to decompression disorders.
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N66-_71] 6
P, M. Gramenitskii and A. A, Savich

THE ROLE OF THE HYPOXEMIC FACTOR IN DEVELOPMENT

OF DECOMPRESSION DISORDERS

(0 roll gipoksemicheskogo faktora v razvitii dekompressionnykh

rasstroistv)

An inadequate study has been made of the disturbance of gas transporta-

tion by the blood in the pathogenesis of decompression disorders associated

with obstruction of pulmonary capillaries with indifferent gas bubbles.

Various reports about gas exchange disorders in the development of signs

of caisson disease appear in a number of papers (Hoppe- Seyler, 1857;

Ber, 1878; Behnke, 1951).

As this problem is undoubtedly of practical as well as theoretical

interest, we investigated the blood gases in animals exposed to the effect

of increased pressure and subsequent decompression, and also to artificial

air embolism.

Method

The experiments, short- and long-term, were conducted on dogs of both

sexes, weighing 12 to 30 kg.

In performing the long- term experiments the animals, after an ordinary

walk, were placed in a two-compartment compression chamber under

pressures of 1.6 and 2.0 atm for 4 hrs, or under a pressure of 4.5 atm for
35, 40. 45 and 50 rain, after which decompression was performed at a rate

of 10 m/rain.

Arterial blood was taken from the femoral artery by cardiac puncture

before the dog was placed in the chamber (control) and at various periods

under ,decompression. This blood was put into a test tube under vaseline

oil. Samples of blood taken from dogs during periods of preparation for

the experiments and adaptation to needle punctures served as controls.

The following procedure was used for the short- term experiments.

Under morphine-hexenal anesthesia and after tracheotomy, with the blood

vessels prepared beforehand for recording the blood pressure and taking

blood, the dogs were placed in a compression chamber at pressures of

5.0 and 7.0 atm long enough for overt decompression disorders to develop

as a result of subsequent rapid decompression. After decompression at

10 m/rain, the respiratory movements, blood pressure and taking of the

blood samples from the femoral artery were recorded on a kymograph. To

observe gas formation in the venous blood, gas traps were used in a number

of experiments (Gramenitskii and Savich, 1963). Gas composition of the

blood was analyzed on a van Slyke apparatus.
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As we have given a detailed description of the graded injection of gases

in an appropriate paper (Gramenitskii, Savich, and Yurova, 1964), we

shall not dwell here on the method of performing experiments associated

with investigation of blood gases in artificial air embolism. In all, we

performed 14 long-term and 6 short-term experiments, not counting

preparatory experiments with investigation of gas content of the blood

under ordinary conditions.

Results of the Experiments and Discussion

In long-term experiments, the oxygen and carbon dioxide content in

the arterial blood of experimental dogs not exposed to the effects of

increased pressure varied within physiological limits. The dog Druzhok

differed somewhat from the other animals, in that its blood had a

comparatively low oxygen content and high carbon dioxide content.

Change in the gas content of the arterial blood in dogs with development of signs of caisson disease

Name of

the animal

SeOoi

Zor'ka

Druzhok /

Mishka

Scdoi {

Zot'ka

Mishka

Druzhok "

Sedoi

De pth

(in m)

45

45

45

45

45

45

16

24

16

45

2O

_0

Exposure

time

(in min)

50

50

40

35

45

45

240

240

240

4o{
300 {

240

1

Arterial blood gases (in volumes %)
Time after Appearance of

decompres- symptoms of the After the effect

sion (in rain) "bends" type 02 CO2

10 i Overt

10 The ._ame

17 Very severe

19 Absent

19 Overt

10 Very severe

80 Absent

23 The same*

23

25

60

i0!

35

60

30

Initial background

02 ! C02

22.05 39.93

24.09 41,20

1_ O0 44.96

16.42 44.96

21.81 35,40

22.21 39.81

21.47 37.39

2343 37.39

19.74 I 38.09

15.71 44.92

15.8 44.7

21 9 I 38.6

i

21.56 41.26

23.85 39.32

q.86 52.43

13.48 4605

15.93 43.90

13.57 45.46

21.71 39.27

21.47 39.81

15.25 39.27

13.82 47.08

11.82 46.54

20,48 4].43

13.86 45.54

18.97 39.51

20.05 39.2

* Asubseqnent ascent to altitude revealed the presence of a 'latent" bubble.

After decompression, both in the case of overt symptoms of caisson

sickness of the "bends" type and in the absence of visible functional

disorders in the limbs, hypoxemia was noted in all the animals. The
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degree of development of hypoxemia was directly related to the severity of

the experimental animal's condition (see table).,

From the data presented in the table it is evident that the development

of pronounced decompression disorders of the "bends" type is always

associated with a reduction of the oxygen content in the arterial blood;

the more marked the joint symptoms, the greater the degree of hypoxemia
which occurs.

Almost always, a reduction of the oxygen content in the blood is

associated with an increase of carbon dioxide content, which at times

reaches high figures.

Neither hypoxemia nor hypercapnia, which occurs in cases of pronounced

decompression disorders, appears to us unusual or unexpected. Undoubted-

ly, in such cases more or less active gas formation always occurs in

venous blood. Naturally, disorders of gas exchange between alveolar air

and blood must be a direct result of obstruction of the pulmonary capil-

laries with bubbles of the indifferent gas.

The most interesting facts obtained are those indicating the develop-

ment of distinct hypoxemia in those cases where there are no joint

symptoms in the dogs after they emerge from increased pressure, and

the reaction to decompression is manifested only as scratching, dyspnea,

and some depression. Such signs may be extremely slight, and sometimes

they do not occur at all. This was shown with particular distinctness in

experimenLs on the dog Druzhok. In this dog, the oxygen content of the

blood fell :3--4 volumes %, as the table shows, without even initial signs

of functional disorders in the limbs. Repeated determinations of the gas

content of the blood in one experiment showed that sometimes in the

absence of decompression symptoms hypoxemia progresses for an hour

after decompression (experiment 10), but eventually, in one way or

another, the quantity of oxygen in the blood increases and even exceeds

the original figures.

All this data indicates that following decompression from increased

pressure, gas formation in the venc_ blood occurs not only in cases of
distinct disorders of the "bends" type. Even in their complete absence,

a quantity of gas bubbles evidently may be formed in the venous blood

which, by blocking the pulmonary capillaries, causes hypoxemia and

hypercapnJa. The fact that a reduction of the oxygen content in the

arterial blood is associated with signs of decompression disorders rather

than with some other factors has been confirmed by experiments in which
ascent of the animals to altitude after the blood has been taken was asso-

ciated with the immediate development of typical decompression symptoms

of the "bends" type.

Study of the gas content of the arterial blood in short- term experiments

during the development of decompression disorders as well as in

experiments with artificial air embolism confirmed the data presented

above and the conclusion stemming therefrom.

As the experiments showed, pronounced hypoxemia occurs both in

caisson sickness caused by decompression and _he intravenous in3ection
of air.

A reduction of the blood oxygen in decompression and artificial air

embolism is observed even when no appreciable disorders are seen in

respiratory or cardiovascular activity; it progresses with the appearance
of and increase in these disorders, and in case of critical disorders
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reaches figures so low as to be

incompatible with life. In the

case of decompression air

embolism, the reduction of the

oxygen content in the blood is

directly related to the intensity

of gas formation in the veins;

in artificial air embolism, to the

quantity of air injected intra-

venously.
In those cases where the ani-

mal does not die of air embolism

and normalization of respiration

and circulation occurs the oxygen
content of the arterial blood

increases considerably.

Data of one of the experiments

with artificial air embolism,

represented on the figure, shows

distinctly the relationship between

changes in the gas content of the

blood and the intensity of air
embolism, and the interrelation-

ship of these changes and respira-

tory and circulatory reactions.

This serves as a striking illustra-

tion of the regularities noted, and

also confirms once again the great

capacity of the body for eliminating

air emboli which enter the pulmo-

_ 2 nary blood vessels. It is only by
2 E E_ _such elimination that the blood

=_ _ _ oxygen content which has fallen
sharply after the third administra-

i I:] _ _ __= _ ._ tion of air could subsequently

__ E E begin to increase steadily.

O9

I m 2.

o g .

The overall results lead us to

conclude that changes in the gas
content of the arterial blood occur

as a constant phenomenon in

decompression air embolism.

They also pose the question of

the significance of these changes

in the oxygen and carbon dioxide

content of the blood (and evidently

also their tensions) for the

organism which has been exposed

to decompression disorders. It

is very likely that hypoxemia,
which in itself does undoubted

harm to the body, is of benefit
in these cases if it does not reach
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excessivedegrees,becauseit contributesto activatingtherespiration
andcirculation, therebycontributingto eliminationof air embolifrom
thelungs.

In conclusion,it is importantto emphasizeonceagainthatreduction
of theoxygencontentis foundwiththefirst signsof caissonsickness(a
veryslightgeneraldepression, barely noticeable change in respiration)

and precedes the development of typical decompression symptoms of the

"bends" t:Tpe. Hence, we need to investigate blood oxygenation in divers

and caisson workers exposed to decompression and after being under

increased pressure. The possibility has not been ruled out that oximetry

would be useful for the early diagnosis of decompression disorders.

Conclusions

1. The development of severe forms of decompression disorders is

always accompanied by a pronounced hypoxemia and hypercapnia.

2. Reduction of the oxygen content of the arterial blood in animals

exposed to subliminal increased pressures occurs, as a rule, in the

absence of typical decompression symptoms.

3. Hypoxemia and hypercapnia are the results of air embolism in
capillaries of the lesser circulation.

4. Changes in the gas content (oxygen and carbon dioxide) of the

arterial blood are an inseparable component of the body's reaction to

decompression.
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_&_._ . "_" V.AA. Aver'yanovandK. S. Yurova

EXPERIMENTAL AIR EMBOLISM UNDER CONDITIONS OF HYPO-

AND HYPERTHERMIA

(Eksperimental'naya aeroemboliya v usloviyakh gipo- i gipertermii)

Two facts constituted the basis of the present study, directed at a

physiological analysis of decompression disorders. The first is.the

essential role of air embolism in the pathogenesis of decompression dis-

orders. From the investigation of A. P. Brestkin (1952), I.I. Vavilov, and

P.M. Gramenitskii (1958), P. M. Gramenitskii, A.A. Savieh and K. S.

Yurova (1963) it follows that in decompression, gas formation occurs

most readily in blood coming from tissues supersaturated with an indif-

ferent gas, and that the air embolie process beginning in the venous

capillaries and ending in obstruction of pulmonary capillaries is the main

phenomenon in decompression disorders. The second fact was the

indisputable effect of temperature conditions on the occurrence of decom-

pression disorders, which stems both from practical observations and

from the few existing experimental investigations (Brestkin, Gramenitskii,

Oblapenko, 1958).

Both of these facts naturally led to the question of how altered

temperature conditions would affect the development of air embolism and

the resistance of the body to its deleterious influence. The present

investigation deals with this question.

Method

The experiments were performed on rabbits of both sexes weighing

1.9 to 4.0 kg. In ali, 23 long-term and 18 short-term experiments were

performed.

In the long- term experiments 2 ml of air were injected into the auricular
veins of the rabbits in ! minute; afterwards the animals remained free,

and their reactions to the given effect and the outcome of air embolism

were observed. Of 23 rabbits, eight served as controls and were not

exposed to any effects before the air administration; eight were exposed

to preIiminary cooling and seven to preliminary overheating.

In the short-term experiments the control, overheated and cooled

rabbits were in a fixed position without anesthesia; their blood pressure

and respiration were recorded by the usual means on a kymograph. These

animals were given injections of 1 ml of air in a period of 30 sec every
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20rainuntil theydied; thecirculatoryandrespiratoryreactionsto the
separateinjectionsof air werecompared,anda recordwasmadeof the
total numberof injections given.

The animals were cooled by putting them in a Nikolaev- Subbotin tray

(a metal container with double walls shaped to the rabbit's body), which

was filled with water and chopped ice.

In the long-term experiments, when the rectal temperature had

droppedto 34.4--34.0°,(whichtook 1--2 hrs), the animals were taken out

of the tray and immediately injected with air. In the short-term experi-

ments the rabbits were left in the tray in the fixed position throughout

the experiment. When the rectal temperature dropped to 34 ° , cold water

and ice in the tray were replaced by warmer water (20--25 ° ) so that the

animal's temperature could be maintained at the same level as far as possible.

The rabbits were overheated in both the short- term and long- term
experiments by means of a special wooden box with a little door and an

observation window. Seven electric light bulbs inside the box maintained

the air temperature at 42--43 ° . After the rectal temperature had risen

to 42 ° the animal was taken out of the box and immediately injected with

air in the long-term experiments, just as in the case of hypothermia.

In short-term experiments, after the rectal temperature had gone up to

41.6--42.0 °, the animals were taken out of the box and put into a Nikolaev-

Subbotin tray filled with hot water (43--44°). In those cases where the

rectal temperature of the animals in the tray began to drop they were

covered with hot water bottles. The rectal temperatures were measured

with a thermocouple and a maximum thermometer until the onset of

heating (or cooling) and then throughout the experiment.

Results of Long- Term Experiments

Of the eight control rabbits, two, heavier than the rest (3.5--3.8 kg),

were able to tolerate the injection of 2 ml of air; the other six died. Death

of the animals occurred in the first 7 rain after the injection of air; it

was preceded by paralysis of the hind legs and generalized convulsions
(Figure I).

Of the eight cooled rabbits which had been injected with the same

quantity of air as the control group only two died. In the cooled rabbits,

in contrast to the controls, after the injection of air there was more

pronounced dyspnea; the general depression and motor disorders (change

in muscle tone and in position) were less pronounced (Figure 2).

The period of complete functional recovery in the surviving cooled

rabbits lasted more than two hours, and was longer than that of the

surviving controls. Probably, this was connected with the extremely slow

recovery of the rectal temperature of the cooled rabbits because of

marked dyspnea increasing the heat output. Therefore, the cooled

rabbits were more resistant to air embolism.

The overheated rabbits tolerated the injection of 2 ml of air better

than the controls but not quite so well as the cooled animals. Of the seven

overheated rabbits, 3 died. In the overheated animals, following the

injection of air a marked general depression occurred, and persistent

opisthotonus developed (Figure 3); tachypnea caused by overheating
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increased further,  whereby respiration became deeper and involved 
participation of the abdominal muscles.  
surviving animals became normal a t  the end of the second hour after a i r  
injection. 

Thcreforc, overheating, and, particularly, cooling of the rabbits 
increased their resistance to artificial a i r  embolism. 

The general condition of the 
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FIGURE 3 .  Rabbit No. 31. Experiment of 12 April  1960 
General  condi t ion ot overi:e<itrrd id l i l i l i  iz :!x 5:t: !n?!!!c?e 
af ter  intravenous injecrion of 2 in1 of air 

Results of Short- Term Experiments 

Typical changes in the respiration and blood pressure occurr ing af ter  
intravenous injection of 1 ml  of a i r  in five control rabbi ts  a r e  shown in 
Figure 4. In these animals, following the f i r s t  injection of 1 ml  of a i r ,  a 
considerable depressor  effect with pronounced bradycardia was immediately 
noted. After 1.5-2 min the blood pressure  dropped 32-53% below the 
original figure, which was 110-120 mm Hg. The hear t  ra te  
slowed f rom 110- 130 to 50- 75  beats a minute. On the blood pressure  
curve t e r t i a ry  waves appeared in all cases;  dyspnea occurred immediately. 

All the control rabbits died af ter  one o r  two injections of a i r ,  except 
f o r  one, which w a s  able to tolerate three injections. 

In thc s e . , ~ ~  [sic! rooled rabbits the initial blood p res su re  level was 
somewhat higher; the pulse rate somewhat slower, and respirat ion deeper 
than in the control animals. 
injection of a i r  with a more  gradual and less  pronounced blood pressure  
reduction (Figure 5). 
a maximum with the appearance of pronounced bradycardia in the 4-6th 
minute af ter  injection of a i r .  klesistance of the cooled rabbi ts  to the a i r  
embolism was much greater  than that of control animals  even in these 
experiments: they died after only 4- 5 a i r  injections. 

Overheating of the rabbits ( 6  animals) [ s i c ]  lowered the p re s su re  
somewhat and caused a considerable increase i n  the respiratory and cardiac 
ra tes .  
somewhat unusual. Instead of the depressor  effect, initially a general 
r i s e  in the blood pressure  was noted with marked te r t ia ry  waves and a 
distinct vagal pulse (Figure 6 ) .  
possible before the injection of a i r ,  became somewhat shallower and 
slower af ter  it. 

the controls. 

The cooled rabbits reacted to the initial 

Dyspnea also developed more gradually and reached 

The reactions of the overheated animals to the air injection were 

Respiration, superficial and a s  f a s t  a s  

The overheated rabbits also were more resistant to a i r  embolism than 
They tolerated 2 -3  a i r  injections. It is significant that 
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their deaths occurred suddenly; the

blood pressure suddenly began to

drop sharply from quite a high level;

marked respiratory disorders

appeared, and death occurred. The

short-term experiments showed,

therefore, that both the overheated

and particularly the cooled rabbits

tolerated a larger number of air

injections than the controls. These

results generally coincided with

those of long-term experiments

Discussion of

Results

The experiments conducted

showed, first of all, an increase in
the resistance of overheated and

particularly cooled animals to air

embolism; secondly, some changes

in the reactions of the body in a state

of hyper- or hypothermia to intra-

venous air injection. The question
arises as to the basis of the increased

body resistance to air embolism

under the influence of overheating

and cooling. Overheating causes

tachypnea, accompanied by increase

in pulmonary ventilation, increases

the cardiac rate, and the general

blood flow. All these reactions are

undoubtedly useful to the body in its

fight against air embolism; they
contribute to fractionation of air

bubbles passing through the heart,

and to the most rap_d elimination of

air emboli obstructing the pulmonary

capillaries. However, the situation

evidently did not amount to these

positive factors. Intravenous air

injection into overheated animals not

only failed to reduce their typical

depressor reaction, but caused an

unusual pressor effect with undulating

blood pressure variations and after a

number of air injections, sudden death.

It may be assumed that this is con-

nected with dilatation of pulmonary

capillaries under the influence of
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overheatingandwithpenetrationof air emboliinto thegreatercirculation
andcerebralbloodvessels. Theprobabilityof suchanassumptionhas
beenconfirmedbythedataof P.M.Gramenitskii and A.A. Savich (1964),

who, in experiments with gas traps, recorded the same reactions with a

considerable number of gas bubbles in the arterial blood.

According to the data of a number of authors (Val'ter, 1866; Egorov,

1956; Metelitsa, 1956), in the initial period cooling also leads to an

increase in pulmonary ventilation, acceleration of the blood flow and

increase in blood pressure. The latter has also been confirmed by short-

term experiments performed by us. Therefore, with certain degrees of

cooling favorable conditions are created for the elimination of air emboli

injected into the venous blood. However, a considerable increase in the
resistance of the cooled organism to intravenous air injection is evidently

based not only on the reactions mentioned. Air embolism of pulmonary

vessels undoubtedly causes, along with protective compensatory reactions,

a number of unfavorable reflexes. Among them may be mentioned, for

example, reduction of blood pressure in the greater circulation with

increase in the pressure in the pulmonary arteries (Schwiege, 1935;

Parin, 1939).
Air embolism is, in addition, accompanied by such consequences as

hypoxemia, which has an unfavorable influence chiefly on the central

nervous system. Hypothermia of the body exerts an inhibitory effect on

the central nervous system (Tsynkalovskii and Azhipa, 1956), and thereby

reduces its sensitivity to unfavorable reflexes and direct influences.

Evidently, this explains why increase in body resistance to artificiai air

embolism is greater with cooling than with overheating.
In conclusion, it is essential to compare the facts we have obtained with

data concerning the effect of cooling and heating of the body on the occur-

rence of decompression disorders. As has been determined by V. A.

Aver'yanov (1962), heating of the body during nitrogen de saturation

prevents the development of decompression disorders; cooling under the

same conditions increases the frequency with which they occur. In his

experiments the temperature factor acted on animals whose bodies had

been supersaturated with nitrogen: heat accelerated the process of tissue

desaturation and reduced or prevented the formation of gas bubbles in the

blood flowing out of them; cold acted in the opposite way. In other words,

the entire situation amounted essentially to a change in the nitrogen

desaturation rate under the influence of temperature changes. In our

experiments there was no supersaturation of the body with an indifferent

gas, and the entire situation amounted to the body's control of artificially
created air embolism. The data obtained by V.A. Aver'yanov and the

results of our experiments are not contradictory.

Conclusions

1. In overcooling and overheating of rabbits there is an increase in

their resistance to artificial air embolism. This increase is more

pronounced in hypothermia than in hyperthermia.
2. The mechanisms of increase in resistance to air embolism in hypo-

and hyperthermia are apparently somewhat different. In hyperthermia
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theyconsistchieflyof reactionswhichcontributeto a morerapidremoval
of air bub:_lesfrom thebloodstream. In hypothermia,alongwithside
reactions,reducedsensitivityof thecentralnervoussystemto unfavorable
reflex influencescausedbygasbubblesandto hypoxemiaaccompaniedby
air embolismis of greatimportance.
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_6 V._. Arsen'eva, P.M. Gramenitskii, and K.S. Yurova

COMPARATIVE CHARACTERISTICS OF RESPIRATORY AND

CIRCULATORY REACTIONS OF UNANESTHETIZED DOGS TO

DECOMPRESSION AND ARTIFICIAL AIR EMBOLISM

(Sravnitel'naya kharakteristika reaktsii dykhaniya i krovoobrashcheniya

nenarkotizirovannykh sobak na dekompressionnuyu i iskusstvennuyu
aeroemboliyu)

From a number of papers dealing with physiological analysis of

caisson sickness (Brestkin, 1958; Vavilov and Gramenitskii, 1958;

Gramenitskii, Savich, and Yurova, 1964), it follows that air embolism in

the venous system and pulmonary capillaries plays the leading part in the

mechanism of development of decompression disorders. These works also

study respiratory and circulatory reactions of various animals to decom-

pression and artificial (produced by intravenous air injection) air embolism

in short-term experiments, and the similarity in principle between these
reactions is shown in various cases.

The experiments of Gramenitskii and Yurova (1964) with repeated

intravenous injections of air into rabbits demonstrated the possibility of

training the body for artificial air embolism. A comparison of this fact

with previous data suggests the likelihood that the increase in body

resistance to frequently repeated decompression effects (Aver'yanov,

Gramenitskii and Savich, 1961) is also based on training of the body for

air embolic phenomena. The present investigation was made in order to

check this supposition and to definitively substantiate conclusions of

previous work. The first task was to study respiratory and cardiovascular

reactions of unanesthetized animals to decompression and artificial air

embolism in frequently repeated long- term experiments. The second task

was determining whether training for artificial air embolism is effective

with respect to decompression, and, conversely, whether increased

resistance to the decompression effect results in increased resistance to

intravenous injection of several gases simultaneously.

Method

The experiments were performed on three dogs with carotid arteries

exteriorized in a skin flap. The animals were trained to lie quietly on

one side in a special cage in a fixative suit and to breathe through a mask.

Respiration and pulse were recorded by carbon pickups on an MPO- 2
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oscillograph, pulmonary ventilation by a gas meter furnished v)ith electric

contacts, the electrocardiogram was recorded with three standard leads.

A record of these indices in some cases was made immediately after

rapid decompression from 4.5 atm (exposure 15--60 rain); in other cases,

after intravenous injection of air (in a quantity from 20 to 50 ml in I- 2 rain).

A special system was used for injecting air. The apparatus is shown in

Figure i. A glass ball (a) having two outlets was connected by rubber

tubes in its lower portion to a graduated burette (b) and in its upper part,

to the bag of ISAM- 48 apparatus (c). In this bag, through a reducer (d)

connected to the tank, an increased air pressure was created. It was

used first to drive the water in the system out of the burette into the ball

and then, experimentally to displace the water from the ball into the

burette. Thereby the air found in the burette entered the rubber tube con-

nected to it,3 upper end and then, through a thin injection needle (e)

inserted into the animal's vein, entered the blood. In experiments with

decompression, when the dogs developed the typical signs of caisson

sickness in the limbs the record was continued for 3--5 min, and then a

therapeutic recompresSion was performed. In all, 187 experiments with

decompresE_ion of the animals from increased pressure and 44 experiments

with intravenous injection of gases were performed.

d
x

_e--- --i

FIGURE 1. System for intravenous injection of air

Explanation in the text.

Results of Experiments and Discussion

The experiments showed that changes in respiration and cardiac activity

in intact animals under the effect of decompression and intravenous air

injection are very similar. In both cases dyspnea always occurs with

greater or lesser increase in pulmonary ventilation, and, as a rule, the

85



pulse slaws, in initial experiments where adaptation has not yet been

created to corresponding effects, the intensity of the dyspnea and brady-

cardia during decompression depends directly on the duration of exposure

of the animals under pressure; after air injection, on the dose and rate

of injection. It is significant that the changes noted in respiration and

cardiac activity during decompression occur not only in those experiments

which terminate in development of typical symptoms in the limbs, but also

in those which are not associated with these symptoms and, in view of the

brevity of the exposure time "at ground level, " do not even threaten to

develop.

FIGURE 2. Changes in respiration, pulse and pulmonary ventilation in the dog Volchok after

decompression from 4.5 aim (exposure of 6 rain)

From top down: respiration, pulse, pulmonary ventilation (200 ml marking); time marking.

1-second intervals:a --i0 min: b --20 rain;c --30 rainaftercompletion of decompression.

FIGURE 3. Changes in respiration, pulse, and pulmonary ventilation in the dog Kudryash during the

development oI typical decompression symptoms (pressure 4.5 atm, exposure 20 rain)

a -- 10 rain; b-- 30 rain; c-- 40 rain after decompression (occurrence of symptoms). Tire rest of the

key is the same as in Figure 2.

Along with a general similarity in the reactions to decompression

effects and intravenous injections of air, there are also certain differences,

primarily with regard to the dynamics of change of respiration and cardiac

activity. In artificial air embolism, dyspnea and slowing of the heart rate

are most pronounced in the first 5--i0 rain after the injection of air; then

they gradually slacken and in a number of cases, at the end of the experiment,
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after 50 minutes, they disappear entirely. After decompression dyspnea

and bradycardia develop gradually, reaching a maximum in the 20th--30th

minute in experiments which are not associated with joint symptoms; in

experiments where joint symptoms do occur later, dyspnea and bradycardia

progress up to the point where such symptoms make their appearance.

This fact becomes perfectly understandable if we consider that air embolie

FIGURE 4. Changes in respiration, pulse, and pulmonary ventilation in the dog Volehok after intravenous
tnjectton of 5C ml of air tn 2 sin and 15 sec

a-- before injection; b -- at the end of the injection; c -- after 10 rain; d -- after 20 min. The rest of

the key is the same as for Figure 2.

phenomena caused by decompression develop gradually, and at the depth

and exposure times which were used in the experiments they most frequently

reach a maximum specifically 20--30 sin after emerging from under

pressure. A characteristic of the reactions studied in the case of artificial

air embolism is the brief tachycardia during the course of the air injection,

which is iramediately replaced by bradycardia at the end of the injection.

In cases of decompression effects, these reactions acquire their Charac-

teristic features during the development of symptoms in the limbs. When

these symptoms do occur bradycardia is then replaced by an increase in

the pulse rate, and respiration becomes more frequent but more super-

ficial, and the dogs show motor restlessness. All this is evidently

explained by the occurrence of severe pain in the affected limb.

In Figure 2 an experiment is shown with decompression effects taking

place without typical symptoms in the limbs but accompanied by a

pronounced general depression of the dog, noticeable even at the end of

the record with the animal in a natural position. The figure shows an

increase ill dyspnea during the course of the experiment and the develop-

ment of bradycardia in the 20th minute after decompression. In Figure

3 a case is shown with painful symptoms occurring 38--40 sin after

decompre._sion. From the oscillograms it is evident that a marked

bradycardJa (record taken in the 30th minute) is replaced by a relative

increase in the pulse rate; respiration became more frequent but more

superficial. In Figure 4 an experiment is shown with the intravenous

injection of air. The oscillograms illustrate the tachycardia at the end of

the air injection, which is replaced by a slowing of the pulse and dyspnea,

most pronounced on the record made 10 min after the injection.
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injected with 50 ml of air in 2 rain and 15 sec)
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FIGURE 6. Typical changes in the pulse, respiratmn,

and pulmonar_ ventilation in decompression (experi-

ment of 22 blay 1961; the dogVolchok; pressure of

4.8 atm; exposure 50 min)

The key is the same as for Figure 5.

In Figures 5 and 6 graphs are shown which represent the typical

dynamics and scales of the functional changes studied during artificial and

decompression air embolism. It should be noted that the absence of

essential changes in the respiratory rate in decompression experiments

does not signify the absence of dyspnea. In these cases it developed

essentially because of the increased amplitude of respiratory movements

rather than because of the rate.
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Thel._ainchangesin theelectrocardiograms,bothin the case of

decompression and artificial air embolism, amount to the following. First

of all, $_ shift to the right of the cardiac axis is found. This is evidenced

by the index R zil/Rz, which reflects the ratio of the heights (voltages) of

the corresponding waves. In the control experiments this index was equal,
on the average, to 1.7 with variations from 0.7 to 3.7 for different

experiments and different dogs. After decompression and particularly
after an injection it usually increased considerably, and in a number of

cases was found equal to 5, 5.5 or even 6. It must be supposed that the
right axis deviation in these cases reflects an increased functional load

on the right ventricle of the heart associated with an obstruction of the

pulmonary capillaries by air emboli.

The second typical ECG change was the inversion at the beginning of

the T wave, which was particularly noticeable in the second lead. While

normally negative, T 2 becomes positive or biphasic in air embolism.

This uncioubtedly serious change in the ECG is reflected in Figure 7, where

at the same time a marked bradycardia and arrhythmia are readily seen

in this case after the injection of air.

In agreement with previous data, the experiments performed showed
that after frequent repetition of the effects there is a considerable

increase in the animal's resistance both to the intravenous air injection

and to decompression.

Increase in resistance to artificial air embolism after regularly

repeated effects was manifested in the dogs' ability to tolerate doses of

air twice as great as the original with no greater discomfort. Thus,

judging from external appearance, the general condition and the rapidity

with which respiration and cardiac activity became normal, the dogs

tolerated the injections of 45--50 ml of air after repeated experiments

with artJ:ficial air embolism in the same way as they had initially
tolerated it in a dose of 20--25 ml.

Increased resistance of the animals to decompression effects during

the course of the experiments was evidenced by a considerable increase

in the smfe time they were at a depth of 45 m, determined by the occurrence

of typical post- decompression signs in the limbs. Thus, in the dog Volchok

this time increased from 40 to 60 rain; true enough, following a persistent

hind leg paresis which was eliminated after a month it again decreased to

50 minutes. In the dog Timoshka the safe period increased from 25--40

rain; in the dog Kudryash, 15--40 rain.

It is most significant that in experiments with two dogs, increased body

resistance to the effect of decompression was accompanied by a simultaneous

increased resistance to artificial air embolism, and vice versa. In the

first dog (Kudryash) regular experiments with the effect of decompression

were conducted for several months. During this time the reaction of the

animal to air injections given every two weeks was checked. It was found

that these trial injections of air were tolerated progressively better by

the animals, although we cannot in any way suppose that the animal had

been adapted by training to the actual air injections.

The second dog (Volchok) was first exposed to repeated decompression

effects. Atthe beginning of these experiments, the maximum safe time on

the "bottom" was 40 rain; at the end of the experiments, 50 rain. Then for

a month the animal was intravenously injected with air 22 times. A check

on the safe time after this showed that it had increased to 65 rain. Therefore,
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training for artificial air embolism led to an additional increase in

resis1:ance, greater than achieved by repeated decompression effects.

The cross-training effect found left no doubt that increase in the

body's resistance to repeated decompression effects is based, to a

considerable degree, on the perfection of reactions produced by air

embo:[ism. The experiments actually showed that with repetition of the

effects of decompression and intravenous air injection, the respiratory and
cardiovascular reactions were somewhat modified.

Bradycardia is progressively less pronounced, in various cases does

not occur at all and is even replaced by increase in the heart rate. Dyspnea

persists, although it becomes somewhat more moderate during the repeti-

tion of the experiments. The inversion of the ECG waves mentioned

decreases and disappears; the right axis deviation persists. Finally, it

is significant that with repetition of the experiments dyspnea and tachy-

cardia occur by conditioned reflex in the animals from the experimental

situation alone and from conditioned stimuli associated with air embolism

(placement in the cage, bubbling of the air through the water valve of the

system for gas injection, noise of the tape- winding mechanism of the

oscillograph).

Therefore the reactions to decompression and artificial air embolism

are perfected, first of all, in that components unfavorable to the body

disappear and there is an increase in the protective functional changes;
secondly, in that these reactions, which previously were more complete,

are initated sooner, even prior to the appearance of gas bubbles in the

blood.

Conclusions

1. Changes in respiration and cardiac activity which occur in unanesthe-

tized dogs during decompression and artificial air embolism are similar

in pr:inciple.

2. Training the organism for artificial air embolism increases its

resistance to the effects of decompression; likewise, training for decom-

pression effects increases resistance to intravenous gas injection.

3. Increased body resistance to decompression effects when they are

repeated frequently is based, to a considerable degree, on the perfection

of respiratory and cardiovascular reactions produced by air embolism.
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(Prostyemodeli"raschetnoitkani")

Thesaturationprocessesof variousbodytissueswithanindifferent
gashavenotbeenstudiedexperimentally.Haldane'ssuggestedequation
(Boycott,Damant,andHaldane,1908),expressingtherateat which
gaseousandsolidsubstancesdissolvein liquidsunderconditionsof ideal
mixing, whentheconcentrationin thefluid becomesuniformexceedingly
rapidly, hasbeenusedto datein thecalculationof decompression
conditions(Shchukarev,1896;DonnanandMasson,1920;Belopol'skii,
1946;Pozin, 1946;KishenevskiiandPamfilov,1949;Nichik, 1949;
Turkhan,1950;Brestkin, 1952).Thisequationis asfollows:

dp I ,

"_-=TtP_--P), (1)

where p is the tension of the dissolved gas in the solution;

t is the time;

1/T is a constant characterizing the rate at which the given gas

dissolves in a given fluid;

P. is the partial pressure of the dissolved gas;

Pn

P. -- t_) , where n is the percentage of the given gas in the mixture.

According to Haldane, the process of saturation of the body with indif-

ferent gases occurs schematically in the following way. The organism is
a kind of combination of "calculated tissues" which do not react with one

another and which differ with respect to the rate at which they are saturated

with gas. The blood circulates between the lungs and the "calculated

tissues," exchanging gases in each place. In a simplified form it is

believed that the blood manages to go into corrplete gaseous equilibrium

both with the "calculated tissue" and the gas in the lungs. K, in addition,

we consider only the time intervals which are long in comparison with

the time the blood moves from the lungs to the "calculated tissue, " the

exchange of gas between the Iungs and the tissue may be represented

schematically by the process of soiution of the gas in the fluid (simulating

tissue) after direct contact between them. The schema adopted by

Haldane permits using a differential equation (1) in every calculated tissue.

Therefore, equation (1) says that the rate of tissue saturation is

directly proportional to the difference between the partial pressure of the

gas in the lungs and its tension in the tissues.

If in equation (1) we consider P, constant, by simple integration we

obtain the usual Haldane exponential equation from equation 1)

P=P_--(P,, --P,,). 0.5 i (2)
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wherePo=P/t-_o.

The latter is unsuitable for calculating conditions in those cases where

the external pressure does not change suddenly, but steadily. However,

equation (1) is suitable not only for a constant but also for variable P°. In

this form equation (1) represents a generalization of the usual exponential
equation.

At the request and with the direct participation of G.A. Zarakovskii we,

on the basis of equation (1), worked out a method of calculating continuous

decompression conditions (smooth reduction of pressure used in decompres-

sion of caisson workers as well as in treatment of caisson sickness). An

analysis was made of the conditions under which the permissible super-

saturation coefficient (ratio of gas tension in the "leading" tissue to the
total pressure) or the degree of permissible supersaturation (difference

between gas tension in the "leading" tissue and the total pressure), remains

constant. By the method we devised, Zarakovskii calculated some specific
conditions.

Equation (1) is the same as the equation for the voltage at the capacitor

of an BC- circuit (B is a resistor and C is a capacitor), connected to a

source of emf with a value of P. (see the figure), whereby ,=B. C (

is the so- called time constant of the BC circuit). Thus, the RC circuit

is an electric analogy of the "calculated tissue" in that the saturation (and

desaturation) processes of the tissue with the gas and the charge on the
capacitor are mathematically identical.

The electric analogy indicated permits con-

struction of an electronic model of the tissues of

a diver. For this it is sufficient to feed

I periodic trapezoidal voltage pulses simulating

_ descent (orascent) ofadivertoacertaindepth
and a stay at this depth, and observe the voltage

in the capacitors on the oscillograph.

We made up a "technical plan" for working

out and producing a trapezoidal- pulse oscillator,

a set of circuits and systems for restoring the

Circuit equivalent to the base- line level to the C capacitor. In accord-
"calculated tissue"

ance with this plan I. A. Yudin worked out and

produced an instrument which makes it possible to observe processes on

the oscillograph screen which are mathematically identical with saturation

and desaturation processes of the tissues of the diver with indifferent gases.

In principle, this instrument may be used in calculations of decompression

conditions, not to mention its possible use in teaching for illustrating of
tissue saturation and desaturation.

Electrical analogies may be found for all magnitudes and processes of

interest in connection with calculation of decompression conditions.

For example, the following are analozous:

C -- the capacitance of the capacitor and the gas capacity of the tissue;

B -- the electrical resistance and resistance of the blood system to the
flow of the dissolved gas;

P -- the electrical voltage of the capacitor and the gas tension in the
tissue;

P, --- the emf of the source and the partial pressure of the indifferent

gas in the lungs;

q -- the electric charge on the capacitor and the quantity of gas

dissolw,_d in the tissues;
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i-- _ -- the str6ngth of the electric current in the circuit and the force of

the gas flow to a given tissue in the blood system;

Fick's law (1855) for the diffusion rate corresponds to Ohm's law

(u=i. R) ;

a similar law for gas in the tissues and in the blood system corresponds

to the law of conservation of electric charge.

When in the future, science obtains data about saturation processes of

specific body tissues with gas, electrical analogies, when correctly

selected, will make possible not only the use of well developed methods of

the theory of electric circuits for calculating the decompression conditions,

but also the construction of an electronic model of the body more perfected

than the model mentioned above, and corresponding to Haldane's schema.

The electronic model can greatly facilitate the calculation of specific
conditions.

In addition to the electronic model, saturation of the "calculated tissue"

with indifferent gas may be simulated by the simple hydraulic model of

S. I. Sklyarenko and I. A. Kalinin (1953), which they proposed for the

investigation of successive chemical reactions. It consists of two con-

tainers of a viscid fluid connected to a capillary tube in the bottom

portions. One container simulates the lungs, the other (of cylindrical

shape), the tissue; the fluid simulates an indifferent gas.

As will be seen below, with adherence to certain conditions this proves

to be a mathematically exact and not just a qualitative analogy. Let us

call the fluid level in the "lungs" container hi; that in the "tissue" container

h, (both levels are determined from the common arbitrary base fine). The

level h, is the arbitrary time function which we are using; then level h,

approaches hj at a rate depending on the difference between the levels h 1
and h,, the width of the "tissue" container, and the resistance of the

capillary to the movement of fluid. If the flow of fluid in the capillary is

at the threshold, then Poiseuille's formula is justified (quoted from Frish

and Timoreva, 1949). The latter may easily be transformed to a differen-

tial equation of the following type:

(3)

Here t is the time; 1/_ is a constant for the given conditions, whereby

!=__. Rj___g (4), where R is the radius of the capillary, l its length, S, isT: 8 _ l S,r

the cross- sectional area of the "tissue" container; p is the density of the

fluid; _, its viscosity; g the acceleration of the force of gravity.

As pointed out above, equation (3) describes the processes

in "calculated tissue" if we use Haldane's schema of the organism. In this

case the fluid level h, is analogous to the gas tension in the tissue; while

the level h 1 is analogous to the partial pressure of this gas in the lungs.

The hydraulic model of the tissue has an advantage over the electrical

model because of its simplicity; however, it must be inferior to it with

respect to speed and convenience of operation.
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IN DOGS UNDER THE INFLUENCE OF HIGH OXYGEN PRESSURES

(K mekhanizmu izmenenii dykhaniya i krovoobrashcheniya u sobak

pri deistvii vysokikh davlenii kisloroda)

Since the time of P. Ber (1878) the external picture of acute oxygen

poisoning has been well known. Attention has been given to the successive

development of signs of a toxic effect of high oxygen pressure. S.I. Prikla-

dovitskii (1936, 1940) distinguishes three periods in the course of the

convlllsive forms of acute oxygen poisoning in animals: the first (precon-

vulsive) period is characterized by normal behavior with motor restlessness

occurring only toward the end of this period with local signs of c3nvulsion;

the second (convulsive) period is expressed in clonic and tonic convulsions;

the third (terminal) occurs without convulsions, and is characterized by

progressive depression of respiration, ending in deatl_.

A great number of papers have been written analyzing the mechanism of

development of oxygen convulsions, chiefly from the aspect of a determina-
tion of the role of varicus nervous system centers in their origin (Dionesov,

Kravchinskii, and Prikladovitskii, 1934; Ivanov, Kravchinskii, Priklado-

vitskii and Sonin, 1934; Prikladovitskii, 1936, 1940, Bean and Rottschaffer,

193& Zhironkin, 1940; Voino- Yasenetskii, 1950, and others).

At the same time, there has been very little study and almost no

analysis of changes in the main vital functions -- respiration, and circula-

tion -- during acute oxygen poisoning. Papers existing on this subject

are scattered. Behnke, Forbes, and Motley (1936) present data to the

effect that in dogs anesthetized with sodium barbital the fall in blood

pressure is an early constant and sign of oxygen poisoning and always

precedes the convulsion. Bean and l_ottschaffer (1937, 1938) note that in

decerebrate dogs the earliest and most reliable sign of oxygen poisoning,

indicating imminent convulsions, is hyperpnea accompanied by hyper-

ventilation. There is considerable connection between the hyperventilation

effect, which accelerates the development of oxygen poisoning, and aortic

and carotid sinus nerves. According to their data, in decerebrate dogs

under the influence of high oxygen pressure (5--6 atm) bradycardia develops,

which decreases with denervation of the carotid sinuses and is eliminated

by cutting the vagus nerves. Subsequently, during the course of the oxygen-

induced convulsions, bradycardia is replaced by tachycardia, which, in

their opinion, is connected with the selective block of efferent vagal fibers.

They also observed in the experimental animals a moderate and considerable

rise in the arterial blood pressure, which is at variance with data obtained
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by Behnkeand co-authors, 1936. By and large, informati6nabout
thenatureandmechanizationof changesin respirationandcirculation
duringoxygenpoisoningis limitedto this incompleteandcontroversialdata.

Regularinvestigationshavebeenmadeof respirationandcardiovascular
activity inhumanbeings(Zhironkin,1956;Sorokin,1958),showingthat
underanoxygenpressureof 2--2.5aimthereis a regularslowingof the
heartrate, constrictionof peripheralbloodvessels,slowingof thecircu-
lationandreduction(atthebeginningof theeffect)of pulmonaryventilation.
However.this data,understandably,appliesonlyto the initial, preconvul-
sire periodof thetoxic effectof oxygenand,therefore,thedynamicsand
mechanismof developmentof respiratoryandcirculatorychangesduring
oxygenpoisoningandcontinues,onthewhole,to beinadequatelystudied.
Thiscon_3titutedthebasisfor makingthecorrespondingexperimental
studies.

Method

Theexperimentswereperformedwithurethaneanesthesiaondogsof
bothsexes,weighing12to 17kg. Onehourbeforeoperationa solutionof
urethanewasinjectedintramuscularlyintothedogs(approximatelytwo-
thirdsof thetotal dose)andintravenouslyafterfixationto thetableand
brief stupefactionwithether(theremainingone-thirdof thedose). The
totaldoseof urethaneamounted,ontheaverage,to 1.2gperkgbody
weight. In theeventof stimulationof respirationin dogs,0.5--1.0ml
of a 2%morphinesolutionwasinjectedasidefrom theurethane. To
preventbloodcoagulationin theblood-pressurerecordingsystem,an
intravenousinjectionof Richter'sheparinwasgivenin a doseof 0.06mg
perkg.

After anesthetizationatracheotomywasperformed. A cannulawas
injected:intothe left femoralartery for blood-pressurerecording,and,
dependingonthepurposeof theexperiment,anapproachto thevagus
nerves,ansasubclavia,splanchnicnerves,or suprarenalglandswasmade.

Thepreparedanimalswereplacedina compressionchamber.Their
respiratorytracts wereconnectedto avalvebox; connectedto its
inspiratoryvalvewasa rubberbag,to whichoxygenwassuppliedfrom a
tanklocatedoutsidethechamber,througha connectingpieceandathick-
walledrubbertube. Theexpiratoryvalvewasconnectedto a waterand
gasmeter; the latter hada rubberbagcommunicatingwiththeair
surroundingthechamberthrougha connectingpipeandvalve. Thus,an
isolated;systemwascreatedwherebyoxygenwassuppliedto theanimal
withoutenteringtheair filling thechamber.

In thechambertherewasakymographfor recordingrespiration,
pulmonaryventilationandbloodpressure. Therecordof respiratory
movementswasmadebymechanicaltransmissionof therespiratory
excursionstest to anEngelmannlever; theblood-pressurerecordingwas
madewithanordinarymercurymanometer.Theelectromagneticmarker
connectedwiththegasmeter, equippedwithelectriccontacts,recorded
thepulmonaryventilationwithanaccuracywithin50ml. In all the
experimentsa recordof the electrocardiogram in three standard leads
was made from time to time.
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The pressure in the chamber in all experiments, with the exception of

three controls, was increased to 6 atm. The medical oxygen supplied for

the dogs' respiration contained no more than 1--2% nitrogen. The

exposure to increased pressure varied in accordance with the aim of the

experiment.

In all, 26 experiments were performed. In seven, the animals were

exposed to the effect of high oxygen pressures without operation on the

nervous system; in 11, vagotomy was performed, the ansa subclavia was

cut, or the heart was completely denervated prior to the effect of oxygen

or during different periods of oxygen poisoning; in eight the splanchnic

nerves were cut and the suprarenal glands were isolated by the application

of circular ligatures which separated them from the general circulation.

In all experiments continuous observation was made of the development of

signs of oxygen poisoning in the animals.

Results of the Investigations

In animals with an intact nervous system under the influence of high

oxygen pressures, regular and substantial changes in respiration and

circulation occur. From the beginning of the effect of increased oxygen

pressure to death of the animal, four periods may be distinguished in

these changes. They are illustrated by kymograms presented in Figure 1.

Change in pulse, blood pressure, respiration, and pulmonary ventilation in the initial period

of oxygen efiect

No. of Oxygen

pressure

dog ( in atm)

4 5.0

5 6.0

6 the same

7

10

11

13 10.0

1 .l 6.0

15 the same

16

18

19

21

23

24

Blood pressure Pulmonary ventilation

Pulse mm Hg i Respiratory rate (in 1/min)

at begin- at begin- at begin- at begin-

initial ntng of initial ning of initial ningof initial ntng of

oxygen oxygen oxygen oxygen

effect effect effect effect

97 52 100 90 18 12 2.1 1.7

120 96 119 110 23 15 3.6 4.0

140 116 116 112 134 44 10.1 5.4

132 93 128 120 22 18 4.8" 4.0

170 84 76 58 36 16 2.4 1.5

130 98 118 114 29 15 8.4 4.2

150 147 137 140 18 20 36 3.8

198 120 124 137 26 18 7.6 6.6

168 94 96 123 36 32 7.4 5.6

180 132 100 102 18 16 4.5 4.2

174 146 96 90 54 34 6.0 3.0

186 156 86 86 36 23 4.2 3.4

170 124 115 127 22 16 5.4 4.6

165 150 128 125 78 18 11.5 4.0

194 116 87 76 22 20 3.4 3.3

FIGURE 1. Changes in respiration and blood pressure in dogs with an intact nervoussystem at various period$ofoxygen

poisoning under a pressure of 6 arm (experiment of 2 February 1957; dog No. 21, male, weight 20 kgs)

From top down: respiration, blood pressure, pulmonary ventilation (50mlmarkings); time marking, one-second

intervals. Thekymograrnshavebeenrecorded: a-duringtheperiodofcompressionwhilebreathingoxygen(endof

compression, 12see after beginningoftherecord); b-17minafter; c-25min; d-45min; e-55 rain; f-67 min;

g-74 min after beginningof the procedure.
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The fir_, iriiti'al period (Figure 1, a) is characterized by slowing of

the heart rate, and a reduction in the respiratory rate and pulmonary

ventilation. No regular changes were found in the blood pressure; it

increased very slightly, decreased somewhat, or remained practically

unchanged.
The numerical data characterizing the functional changes listed are

shown in the table. Reduction of the number of cardiac contractions occur-

red immediately after breathing oxygen under pressure, and in the

majority of cases was very pronounced. The higher the initial frequency

of the respiratory movements, the slower it became.

The initial period, expressed in the changes noted in respiration and

cardiovascular activity under an oxygen pressure of 6 atm, was 8--12 rain;

under an oxygen pressure of 10 atm this period was practically absent.

The second period (Figure ], b) was characterized by stimulation of

respiration, increase in pulmonary ventilation and blood pressure, and

some very slight increase in the heart rate. The pulse either returned to

the initial level which obtained before the oxygen effect, or even failed to

reach it. The blood pressure of animals with an intact nervous system

exceeded the initial level by 10--50 ml in 14 experiments; in two, it

increased to the initial figure. Respiratory rate underwent the most

marked changes, its initial gradual deepening and increase progressing

steadily and ending in marked dyspnea with pronounced hyperventilation.

The respiratory rate increased by 14--15 respiratory movements a

rain; the pulmonary ventilation, by 4.8--9.6 l/rain. The most pronounced

degree of dyspnea occurred in the 16th--20th minute of action of compressed

oxygen and constituted a true precursor of initial convulsive phenomena --

marked and rapid twitching of the ]imbs, head, and later, of the trunk and

abdominal muscles. In most dogs these twitchings appeared in the 20th--

23rd minutes of the effect. They were usually connected with respiration

and occurred in the expiratory phase. As the convulsive signs increased

a further increase in blood pressure was noted, and at the same time a

secondary progressive slowing of the pulse began. All this signified a

transition to the third period of oxygen poisoning.

2_e third period (Figure 1, c, d)_ was characterized by development

of typical convulsive attacks involving the entire body, with clearly

e.xpressed tonic and clonic components. Thereby, the blood pressure

remained high; during each convulsive attack it increased considerably

(30--40 mm Hg). Between the convulsive attacks the pulse was slow; during

them its frequency increased considerably. Subsequently, a lessening or

even a temporary cessation of convulsive attacks occurred, which usually

coincided with maximum slowing of the heart rate, and a typical vagus

pulse recorded on the kymograph (Figure 1, d). On the electrocardiogram

taken during this period, sinus bradycardia was noted with marked

respiratory variations of the It- R intervals. Of nine dogs in which an

electrocardiogram tracing was made during this period, the slowing of the

heart rate in six ended in the development of nodal (A- V) rhythm and in two

in an A- V block; in one case it was partial and in the other, complete. **

* In view of the fact that convulsive attacks caused a driving of the Iesptratory record, the latter is not

shown. The changes in respiration may be j,Jdged by the record of pulmonary ventilation.

** Detailed electrogtaphic data are presented in the. article by P.A. Soroktn, "Changes in the Electrical

Activity of the ltearts of Animals under the Iufluence of High Oxygen Pressttres", included in the

present collectmn.
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Thenumberof cardiaccontractionscameto 24per rain. Withtheoccur-
renceof nodalrhythmor heartblockthebloodpressurealwaysfell;
however,in themajority of _asesit didnotdropbelowthelevel recorded
beforetheinfluenceof highoxygenpressure. Subsequently,a depression
of respirationoccurredwithperiodsof apnea(P'igure1, e; record of
pulmonaryventilation). Simultaneously,thebloodpressureagain
increasedsomewhatwithan intactvagalpulse. Thedurationof thethird
periodwasusually12--20rain.

Thetransitionto thefourthandfinal periodoccurredsuddenly;it was
expressedin thefact thatall at once,withoutanyproceduresbythe
experimenter,theslowheart ratewasreplacedbya markedsinustachy-
cardia, accompaniedbya rapidrise in thebloodpressureto figuresof the
order of 250--280mmHg(Figure1, e). The bloodpressure, which
remainedhighfor a certaintime, beganto dropsteadily; this drop
continuedwithtachycardiaincreasingat thesametime, until theanimal's
death, l&'iththeappearanceof tachycardiaconvulsiveattackswererenewed;
nowtheyweremainlyof a tonicnature(extensionof theentirebodywith
markedextensionof thelimbs, andopisthotorms).Each convulsive attack

during this period, as in the preceding one, was accompanied by a marked

brief rise in blood pressure (Figllre 1, f).

Subsequently, respiration became agonal and stopped; simultaneously,
the convulsions stopped. Respiratory arrest occurred about 1 hr after

the beginning of the effect of high oxygen pressure; cardiac activity

continued for another 10--20 min; the blood pressure dropped uniformly

and steadily (Figure 1, g). After respiratory arrest, when the blood

pressure had dropped to the base line and no pulse waves were recorded

on the ky;_nogram, precordial and ventricular waves were recorded on the

electrocardiogram for a certain period. Rapid sinus rhythm was again

replaced by slowing and gradual disruption of atrioventricular conduction.

The ventricular complexes on the electrocardiogram became progressively

slower and shortly afterwards disappeared entirely; on!y precordial waves

remained for a brief time, and then gradually disappeared.

The procedures performed on the parasympathetic and sympathetic

nerves and suprarenal glands substantially altered the cardiovascular' and

respiratory reactions to the effect of high oxygen pressures. The cardio-

grams shown in Figure 2 reflect the typical changes in circulation and

respiration during the development of oxygen poisoning in the animals after

preliminary sections of both the vagus nerves in the neck. In these cases

the reactions characteristic of the first period of oxygen poisoning

disappeared: neither a reduction of pulmonary ventilation nor a slowing

of the pulse was noted. In vagotomized dogs there was a complete absence

of typical changes in cardiac activity in the form of bradycardia, and A-V

conduction disorders in the third, convulsive period of oxygen poisoning

(Figure 2, d). Developing initially after vagotomy, tachycardia remained

during the convulsive attacks and in the intervals between them. The

transition to the fourth period was expressed in a sudden blood pressure

rise to extremely high figures (P'igure 2, e), a great increase in the heart

rate, and in long- lasting apnea. The final stage of oxygen poisoning in

vagotomized dogs (Figure 2, f, g) was approximately the same as in intact

dogs, i.e., before final cardiac arrest decreased conduction occurred

leading to complete A- V block and e_ding in an initial disorder of the

ventricular function. In the second period of oxygen poisoning dyspnea in
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FIGURE 2. Changes in respiration and blood pressure of a vagotomized dog at various periods of oxygen poison-

ing underapressureof(Satm (e×perimentof4February1987; Jog No.22 male, weight 16.3 kg)

The kymogz ares were recorded: a-during bilateral vagotom,_ (tim time of vagotom) is tinted on the bottom curve);

b-_ rain aftei vagotom} ander ordinary conditions; then,',.,qiile breathing oxyger:; c-17 rain after beginningof the pro-

cedure; d-: J n;tnafter; e-:_Ulnin; f-o_-,min; g-t ,qlnin after bcgiuntugoft!m procedure. Rest of key same as for Fig. 1.
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the vagotomized dogs was very marked. The precursor of convulsions and

general convulsive paroxysms occurred somewhat earlier than in intact

animals (after 12--17 min instead of 16--25 min) and were distinguished

by their greater degree. Thus, the total lifespans of the vagotomized

animals under conditions of high oxygen pressure were shorter; death
occurred 10--20 rain earlier than in intact animals.

To ascertain whether this was the result of the vagotomy itself, we

performed a control experiment in which the dog was not exposed to the

oxygen effect for more than 2 hrs after cutting of the vagus nerves. During

this entire period the pulse, respiratory rate, blood pressure, and

pulmonary ventilation which had become established on a new level after

the vagotomy, remained without any essential changes.

Experiments with operation on the sympathicoadrenal system showed

that it played an exceptional part in the development of oxygen poisoning.

After the ansa subclavia and splanchnic nerves had been cut and the

suprarenal glands completely isolated, the blood pressure under ordinary

conditions became established at low levels; the respiration became

exceptionally smooth and rhythmical, with a somewhat reduced pulmonary

ventilation (Figure 3, a, b, c).

Increased oxygen pressure of 6 aim for over 2 hrs did not greatly

affect respiration and blood circulation (Figure 3, d, e, f, g). Periodic

moderate dyspnea was noted, with increased pulmonary ventila-

tion, but not more than 2--2.5 times that of the intitial time. At the same

time, arterial pressure increased by 25-- 35 mm of mercury and then

returned to its initial level. Slight decrease of the pulse (10-- 15 beats

per min) was noted either at the beginning of the experiment or during its

performance; the vagus pulse was entirely absent. Spasms were completely

absent or noticeable only slightly on bending of the body, during 2 or even

3 hrs of exposure to pressure, though appearing periodically toward the

end of the experiment. There was no sign of phenomena threatening the

life of the animals throughout the experiments. The animals were

transferred to air respiration and compression was carried out. By stimula-

ting at the same time the vagus nerve by induction current, we assured the

presence of characteristic vagal reaction on the heart (Figure 3, h).

Therefore, the absence of typical vagus effects on the heart during the

course of oxygen poisoning was not caused by disruption of the parasympa-

thetic innervation of the heart muscle, but by procedures performed on

the .sympathetic nerves and suprarenal glands.

Complete isolation of the suprarenal glands with cardiac innervation

and splanchnic nerves intact also caused a marked change in the course of

oxygen poisoning (Figure 4). In these cases the animals also tolerated

a two- or even three- hour effect of oxygen under a pressure of 6 atm

without showing any critical respiratory or circulatory disorders. A

change in these functions during the course of this effect, as shown by

kymograms in Figure 4, could not be compared with the reactions of intact

aniraals or were similar to what occurred in dogs with isolated suprarenal

glands, a desympathized heart and cut splanchnic nerves. It is significant

that simple isolation of the suprarenal glands also led to a considerable

reduction of vagal effects on the heart; in these cases, both at the beginning

of tile procedure and subsequently, a comparatively slight slowing of the

heart rate occurred, true bradycardia with deep- seated conduction
disorders was never noted.
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FIGURE :l. Changes hi respiration and blood pressure of dogs with

ansast*hclavia and splanchnic nerves cut and supratenal glands

isolated, u_der ttle influence of increased oxygen pressure of 6 arm

(expertment of 1 Febr_lary 1957): dog No._20, male. weight lb.5 kg)

Kyl>ograms a, b. andc ,*erereeorded before compression: a--with

cutting oL the ansa, AT; b -- with cuttmg of the splanehnie nerve,

ST; c -- 4 tl_in after isolation of the suprarenal giand; d. e. f. and

g -- during the breathing of oxygen uncer pressure for 3 rain; h -- 19

rain after beginning of the procedure; f-- (55 rain; g -- 137 mm after.

The kymograln h was recorded 10 rain after decompression. Tire

arrows indicate stimulation of the right and left intact vagus nerves

with all indtlced current.
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FIGURE4.Changesmrespirationandcirculationinadogwithisolatedsuprarenalglandsarid
intactsplanchnieandcardiacnervesundertheinfluenceof increased oxygen pressure of

6 arm (experiment of 14 February 1957; dogNo. 26, female, weight 10kg)

Kymograms a, b, and e were recorded before compression: a -- before the procedure; b --

5 rain after isolation of the suprarenal gland; c -- 8 rain after ( a check on the integrity of the

splanchnic nerves). The arrows indicate stimulation of the left and right nerves by an induced

currertt. Kymograms d, e, f, and h were recorded during tl_e breathing of oxygen under

pressure; d -- 12 rain after beginning of tile procedure; e -- [_8 rain after; f-- _5t5rain; g--

3.06 rain; h -- 126 rain after beginning of theproeedure. The rest of the key is the same as

for Figure 1.
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FIGURE 5, Changes in respiration and blood lXessure in a dog during vagotomy, cutting of the ansa

subelavia and splanehnic nerves in the second period of oxygen poisoning (experiment of 31 January

1957; dogNo.19, female, weight 12.5 kg).

The kymograms were recorded: a -- 20 min after beginning of breathing of oxygen under a pressure

of 6 atm; b-- 26 min after; c-- 31 min after. VT, vagotomy; AT, cutting of the ansa; ST,

cutting of the splanchnic nerves. The rest of the key is the same as for Figure 1.

FIGURE 6. Changes in respiration and blood pressure in a dog vagotomized in the third period of

oxygen poisoning (experiment of 17 January 1957; dog No.4, male, weight 19.6 kg)

The kymograms were recorded as foUows: a -- 59 rain after the beginning of breathing oxygen under

pressure of 6 aim; b -- 64 rain aft_. The arrow indicates the moment of bilateral vagotomy. The

rest of the key isthe same as for Figure 1.
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Typical oxygen convulsions did not develop in dogs with isolated supra-

renal glands; reactions were limited to convulsive twitchings of the

majority of muscles, which occurred usually in the second hour (Figure

4, g) and were subsequently replaced by weak and slow tonic episodes of

body extensilon.

Procedures performed on various nerves made it possible to determine

their part in the development of circulatory reactions at various stages

of oxygen poisoning. Bilateral vagotomy in the second period of oxygen

poisoning, characteri_ed by increase in dyspnea and blood pressure,

failed to show any appreciable effect (Figure 5, a). Cutting of a cardiac

branch of the sympathetic nerve during this period, conversely, had

pronounced aftereffects. In this case (Figure 5, b) there was an appre-

ciable reduction of blood pressure and simultaneously cardiac contractions

decreased by 40--45 beats a rain. Cutting of splanchnic nerves, performed

in the same period after cutting of the ansa (Figure 5, c), caused an

additional blood pressure reduction, but did not affect the pulse rate. In

the third, convulsive period, when marked bradycardia developed in the

interval between convulsive paroxysms, and at the end of this period when

bradycardia reached its greatest degree, the cutting of the vagus nerves

always produced striking effects (Figure 6, a, b). A pronounced vagal

pulse with A- V conduction disorders was replaced by very marked sinus

tachycardia; blood pressure suddenly rose 60--80 mm Hg, increased
even further and, after remaining for a certain time at maximum

figures, began to drop gradually. Generally, under these conditions, the

changes in cardiovascular activity during vagotomy very much resembled

those which in the intact animal signified a sudden transition to the fourth

and final period of oxygen poisoning. Cutting the vagus nerves in the early

periods of tile procedure led to a more rapid development of and increase

in convulsions; a disruption of the sympathetic innervation of the heart and

particularly cutting of the splanchnic nerves caused convulsive phenomena

to be delayed and lessened.

Discussion of Results

The results of the investigation showed that during the first period of

an oxygen pressure of 6 atm, there is a regular slowing of heart

contractions and respiration, and a reduction of pulmonary ventilation.

Similar changes with lower figures for the partial oxygen pressure (1 and

2 atm) were noted in animals by a number of authors (Anthony, 1940;

Keys, Stapp and Violante, 1943; Whitehorn, Edelmann, and Hitchcock,

1946) as well as in human beings (Sorokin, 1958). There is direct data

concerning the reflex nature of these functional changes, and particularly

the role of sinus and aortic nerves in their occurrence (Bean and Rott-

schaffer, 1938; Dumke, Comroe, 1942). The results of our experiments

with preliminary vagotomy of animals show the decisive role of vagus

nerves in the development of the functional changes mentioned, and lead to

the supposit_[on that not only efferent parasympathetic fibers (through which
the inhibitory influences of the heart are realized) but also afferent nerve

conductors from the pulmonary and aortic receptors are of importance
here.
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Theinitial respiratoryandcirculatorychangesnotedundertheinfluence
of ahighpartialoxygenpressuremustevidentlybeevaluated,in accordance
withthemajorityof authors,asadaptivecompensatoryreactionsof the
bodywhichslowtherateof tissuesaturationwithoxygenand,therefore,
delayoxygen poisoning.

The second period is characterized bya marked, progressively

increasing dyspnea, and an increase in heart rate and blood pressure.

As experiments have shown, the sympathetic nervous system and supra-

renal glands play a decisive part in the development of these reactions.

The vagus nerves show no effect here. Their influence is found again in

the third, convulsive period, when bradycardia develops between the paroxysms

and continues toprogress. The actualparoxysms are characterized by marked

changes--of strikingly sympathetic nature -- in cardiovascular activity. There-

fore, duringthis period a distinctive alternation of sympathicoadrenal and para-

sympathetic reactions occur in the circulatory system, when, against the general

background of progressively increasing vagal influences, they are

temporarily disrupted, leaving aftereffects. Under these conditions, the

vagus nerves and associated bradycardia play a beneficial role, contributing

to an economy of the functional reserves of the heart, as occurred, for

example, in cases of marked hypoxemia and asphyxia. In addition, the

sensory pulmonary nerves included in the vagus nerves limit the irradiation

of excitation from the respiratory center to the motor nerve center

(Vinokurov, 1952) and thereby moderate the convulsions, which, as has

been pointed out, are usually connected with respiration.

The beneficial role of the vagus nerves in the course of oxygen poisoning

is confirmed directly by the fact that in vagotomized dogs the convulsions

occurred more quickly, were distinguished by greater strength, and the

lifespans were usually shorter under the influence of high oxygen pressure

than in intact animals. It is significant that in the third period of oxygen

poisoning such phenomena are noted as nodal rhythm or partial or even

complete A-V block, which clinically are usually considered signs of

organic cardiac pathology. Here, these cardiac rhythm disorders are of a

purely functional nature and determined entirely by the effect of the vagus
nerves of the heart.

The fourth and final period is characterized by a sudden and definitive
breakdown of parasympathetic effects on cardiovascular activity, replace-

ment of them by pronounced sympathetic effects, which probably indicate

a fatal outcome in oxygen poisoning.

Slowing of the pulse and cardiac conduction disorders in the agonal

stage of oxygen poisoning are evidently explained by a deep- seated toxic

effect of oxygen on the cardiac tissues, rather than by nervous influences.

Experiments with isolation of the suprarenal glands and cutting of the

ansa su_clavia and splanchnic nerve show the exceptional part played by

the sympathic and renal systems in the development of oxygen poisoning.

With respect to the suprarenai glands the results of our experiments were

in agreement with the data of Gershman, Gilbert, Nye, Price, and Fenn,

(1955), who also observed a postponement of death in mice with suprarenal

glands removed, under the influence of high oxygen pressure. The authors

connect this effect chiefly with the hormones of the suprarenal cortex,

which is, to a certain degree, in agreement with data of Bean (1952), who

found that an essential part in the development of oxygen poisoning is

played by the adrenocorticotropic hormones of the hypophysis.
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Ourdatado_ notprovidea basisfor denyingthepart playedbycortical
hormonesof thesuprarenalglandsin thedevelopmentof oxygenpoisoning;
however,it undoubtedlyindicatestheexceptionalsignificanceof thesympa-
thicoadrenalsystemundertheseconditions. It is especiallynoteworthy
that in animalswiththesuprarenalsisolatedandthesplanchnicnervesand
sympathetictracts to theheartcut, butwiththevagusnervesintact, there
werenoparasympatheticinfluencesontheheartcharacteristicof intact
animalsduringthecourseof oxygenpoisoning.Hence,it followsthatin
acuteoxygenpoisoningtheparasympatheticeffectsontheheartare realized
onlywithpreservationof thefunctionof thesympathicoadrenalsystem.
Therefore,veryuniquereIationshipsarecreated:ontheonehand,the
sympathicoadrenalsystemdetermines,to a considerabledegree,all the
basicmanifestationsof thetoxiceffectofhighoxygenpressureand
eliminates,soto speak,theprotectivecardiovascularreactionsof a
parasympatheticnature;ontheotherhand,it is necessaryfor themani-
festationof theseprotectivereactions.

Conclusions

1. During acute oxygen poisoning four periods should be distinguished

in anesthetized animals (dogs):

a. The first, initial period, characterized by reduction of pulmonary

ventilation and slowing of cardiac activity, is the period of adaptive

reactions of the body. The vagus nerves play the main part in these

protective reactions.

b. The second, preconvulsive period, expressed in hyperventilation,

tachycardia, and an increase in the arterial blood pressure, reflects a

marked stimulation of the sympathicoadrenal systems. These reactions

are unfavorable and accelerate the development of oxygen poisoning.

c. The third, convulsive period is characterized by gradual slowing of

the heart rate, which during the convulsive attacks is replaced by tachy-

cardia with an additional pressor effect. At the end of this period, against

the background of respiratory depression, there is a predominance of

parasympatihetic effects on the heart which lead to bradycardia, nodal

rhythm or heart block. These serious disorders of cardiac rhythm are

reversible and disappear after vagotomy.

d. The fourth, terminal period is characterized by a sudden replacement

of parasympathetic by sympathetic reactions, which is expressed in a very

marked and rapid rise in blood pressure and increase in the heart rate

(sinus tachycardia). After respiratory arrest the blood pressure steadily

drops, but cardiac activity is maintained. The bradycardia and heart block

v_hieh occur toward the end of the period are not eliminated by vagotomy.

2. Preliminary section of the vagus nerves eliminates the slowing of

the heart rate in the first and third periods of oxygen poisoning, accelerates

the occurrence of convulsive paroxysms, and shortens the lives of the

animals when compressed oxygen is used.

3. Preliminary isolation of the suprarenal glands prolongs considerably

the lifespans of the animals and under an oxygen atmosphere, with

pressure of 6 atm it delays and lessens the development of convulsive
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phenomena.A similar butevenmorepronouncedeffecti_ exertedwhen
this procedureis combinedwithcuttingthesplanchnicnerves,which
resultsin eliminationof excessiveexcitationof thesympathicoadrenal
system,increasein thedepositionof bloodandreductionof theblood
supply of the body tissue, as well as a reduction of oxidation processes.

4. After isolation of the suprarenal glands, and cutting of the

splanchnic and cardiac sympathetic nerves in animals during oxygen

poisoning, no cardiac parasympathetic reactions characteristic of the

intact organism developed, despite the integrity of the vagus nerves.

Voino -
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_ M.A. Groshikov and P.A. Sorokin

PATHOLOGICAL CHANGES IN THE LUNGS OF ANIMALS UNDER THE

INFLUENCE OF HIGH OXYGEN PRESSURES

(0 patomorfologicheskikh izmeneniyakh v legkikh u zhivotnykh pri deistvii

vysokikh davlenii kisloroda)

It is well known that increased oxygen pressures exert a toxic effect on

the body. The studies of a number of authors have shown that in animals

which died after exposure to the oxygen effect under ordinary pressure,

pulmonary involvement was primary, taking the form of atelectases of

different sizes and degrees, hypostatic congestion, edema, hemorrhages

and inflammatory changes (Smith, 1899; Achard, Binet, and Leblanc,

1927; Binet, Bochet, and Briskier, 1939; Kaunitz, 1942; and others).

At the same time, hypostatic congestion has been found in other internal

organs (heart, liver, spleen, kidneys, suprarenal glands, and intestines).

The pathological changes in the lungs are usually demonstrable only

after the end of a certain period after the beginning of the oxygen effect.

Karsner (1916) found hypostatic congestion of the lungs in rabbits 24 hrs

after the beginning of their stay in an atmosphere of 80--90 % oxygen, an

inflammatory reaction in the bronchial tubes after 48 hrs, and signs of

bronchopneumonia after 72 hrs.

Grognot and Chome (1955), in experiments with guinea pigs, observed

a cloudy swelling of alveolar cells and a change in their structure between

3 and 6 hrs after the animals had first been placed in an atmosphere of

oxygen. Beginning with this time, the phenomena extended to all lobes in

the lungs. According to their data, this reaction is reversible and

disappears after about 24 hrs.

Under the influence of higher oxygen pressure (over 3 arm) the animals

showed similar pathological changes in the lungs (Bronstein and Stroink,

1912; Dionesov, Kravchinskii, and Prikladovitskii, 1934), but less

pulmonary involvement was noted than after the influence of oxygen under

ordinary pressure. These authors attribute this to the fact that under high

oxygen pressures the animals die more quickly, and no pronounced

changes can develop in the lung tissue.

Pichotka and K{ihn (1947) emphasize that in guinea pegs and rabbits which

die as the result of the oxygen effect under ordinary pressure, a pathological

picture is observed characteristic of hypoxemia (focal necrosis in the heart

muscle, changes in the periphery of the hepatic lobules with central

vacuolation of them and fatty degeneration), whereas such changes are not

found in animals exposed to the effect of high oxygen pressure (3.5--5.8 atm).

With respect to the origin of pulmonary involvement in oxygen poisoning,

various opinions have been expressed. Most authors believe that pathological
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changes :in the lungs are caused by the irritating effect of oxygen on the

respiratory tract and pulmonary alveoli (Smith, 1889; Bean, 1945; and
others).

Ohlsson (1947), on the basis of his studies, concluded that pulmonary

involvement under conditions of breathing oxygen does not occur on the

"air" side, because of the irritating effect of oxygen, but on the "blood"

side, as the result of injury to the capillary wall by increased concentra-

tions of carbon dioxide, the transport of which, as is well known, is

disturbed under conditions of hyperoxia.

I. A. Sapov (1953) ascribed importance to nerve reflex influences in the

development of'pulmonary lesions under a compressed oxygen effect. He

showed that bilateral block or section of the vagus nerve increases

pulmonary involvement, whereas cutting the posterior roots of C 6--7 to

D 4--5, denervation of the carotid sinus and aortic regions or atropiniza-

tion considerably lessens or prevents development of the pathological

process in the lungs.

It is evident from the data presented that there are only scattered

reports in the literature dealing with the study of pathological characteris-

tics in acute oxygen poisoning, and to date there is no agreement as to the

mechanism of pulmonary involvement under the influence of increased

oxygen pressures. This fact was the basis for the present study.

Method

The first series of observations was made on 12 guinea pigs exposed to

the effect of oxygen under a pressure of 5.5 atm. To exclude vagal effects,

six animals were first injected subcutaneously with atropine in a dose of

1 mg per' kg. Two guinea pigs were used as controls.

The experiments were performed in a steel chamber with a capacity of

65 1. In order to remove excess carbon dioxide, the chamber was

ventilated every half hour for 4--5 rain, and supplied with gauze bags filled

with soda lime. In different experiments the carbon dioxide content of the

chamber ranged from 0.05--0.2 %; the oxygen content, from 92--96 %;

the nitrogen content, from 4--8 %.

The second series of experiments was performed on dogs anesthetized

with urethane. The oxygen supplied to the chamber for the animal

contained 1--2% nitrogen. Of 15 dogs, one was exposed to the effect of

oxygen at ordinary pressure; the others, at a pressure of 6 atm. Nine dogs

died from the effect of compressed oxygen. The others were killed with

gas embolism or an electric current.

The animals were dissected 20--60 rain after death. A histological

study wa_ made of the lungs, heart, liver, spleen, kidneys, intestines,

and in a number of cases, the brain. Preparations were stained with

hematoxylin and eosin by the van Giesson method; in addition, the heart

muscle was stained with Heidenhain's iron hematoxylin.

113



. .  

Results of the Investigation 

In the f i r s t  series of experiments, dissection of guinea pigs which died 
of acute oxygen poisoning revealed pr imari ly  the pulmonary involvement. 
External examination showed bluish- purple and somewhat collapsed a reas  
of atelectases, usually multiple, and most  often located along the lung 
margins, chiefly in its poster ior  portions. 
superficial o r  penetrated more  deeply into the lung tissue, not uncommonly 
including considerable sections of one lobe o r  another. 

On section they were either 

The l i i n ~ s  were 

FIGURE 1. Guinea pig No.29. Experiment of 24 December  1956. Atelec-  
tasis of lung tissues with e d e m a  and t h e  appearance of red blood ce l l s  in  the  
alveol i  as well as areas  of eosinophilic inf i l t ra t ion ( dark accumulat ions) .  
Magnification 80 X 

FIGURE 2. Guinea pig No. 34. Exper iment  o f  1 Y  December  1956. Thicken-  
ing o l  t he  alveolar septa in connect ion with e d e m a  and overf i l l ing of the 
capi l lar ies  with blood. Magnif icat ion 80 X 
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FIGURE 3. Guinea pig No.23. Experiment  of 17 December 1956. Boundary 
between t h e  a te lec ta t ic  a rea  and t h e  emphysematous portion of t h e  lung. 
Magnif icat ion 80 X 

always congested. Pronounced edema in them w a s  noted in only one case. 
The cardiac chambers of the right side and that of the left atrium were 
usually dilated and overfilled with blood, whereas the left ventricles were 
not uncommonly contracted. The coronary blood vesse ls  of the heart  were 
dilated and congested. Sometimes, occasional small  subepicardial hemor- 
rhages were found, usually in the a rea  of the right coronary sinus. 
rule, the abdominal organs were congested, particularly the liver. 

and capillary dilatation and congestion, particularly in areas of atelectasis 
(Figure 1). In some places the small  a r te r ies  w e r e  dilated, and in others  
they were constricted. 

As a 

Histological changes in the lungs were characterized by marked venous 

Around the blood vessels ( a r t e r i e s  and veins) edema 

FIGURE 4 .  Guinea pig No. 32. Experiment  of 3 January 1957. T h e  a n i m a l  
was f i r s  atropinized (dose  of 1 mg per k g ) .  Pulmonary e d e m a .  Magnifi- 
ca t ion  80 X 
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FIGUKE 5. Guinea pig Vc.32. Euperiinelir 01 ' {  J K I I I ~  1 % 7 .  Edei l ia  4 r m ~ i d  
markedly d i la ted  and congested pulriionar) vcin i i i  tlic iiiidst of JII  a t r l e c t a t l c  
a rea .  Magnification 80 Y 

was found. 
edema and overfilling of the capillaries with blood (Figure 2).  The lumina 
of the alveoli not uncommonly were filled with a serous  fluid admixed with 
erythrocytes. 
of eosinophils frequently were found to a grea te r  o r  lesser  degree, 
of more  o r  l e s s  pronounced atelectasis alternated with a r e a s  of emphyse- 
matous alveoli (Figure 3). 
subpleurally and in the depths of the lung tissue. In various cases ,  there  
was a small  quantity of mucus in the bronchial lumen. 

The walls of the alveoli were usually thickmed because of 

In the interalvcolar and peribronchial t issues  accumulations 
Sections 

The a r e a s  of a te lectasis  were located both 

FIGURE 6 .  Dog.No.23. Exper iment  of 31 January  1957. Perivascular 
e d e m a  with hemorrhages in t h e  brain tissue. Magnification 80 X 
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In the heart muscle capillary dilatation was noted with occasional small

hemorrhages in the intermuscular tissue. In the liver, kidneys and spleen

the picture of pronounced hypostatic congestion was observed. In guinea

pigs which had first been atropinized, areas of atelectasis were noted in

the lungs, with congestion of pulmonary vessels, and edema in the alveoli

(Figure 4) and perivaseular connective tissue (Figure 5). In three animals

no eosinophilic infiltration was found in the lungs.

In a number of experiments guinea pigs which had survived exposure to

compres,,;ed oxygen, subsequently (after 24 hrs or several days) died of

severe bronchopneumonia. In one of the guinea pigs the acute pneumonia

developing after the action of compressed oxygen did not disappear but

changed into the chronic form.

In the second series of experiments morphological changes were studied

in 15 dogs. In the five control animals, no operations were performed

either on the nervous system or on the suprarenal gland. Of this group,

three dogs died of acute oxygen poisoning, the other two, exposed to the

action of compressed oxygen for 35--36 rain, remained alive and were

killed after decompression.

For the purpose of characterizing pathological changes in the animals

of this group, autopsy and histological data are presented on dog No. 23,

which died in the 64th minute of inhalation of oxygen under a pressure of
6 atm.

On op_ning into the lungs, many cyanotic areas of atelectasis were

noted chiefly in the posterior portions, not only in the marginal portions of
the lobes but also in areas near the roots. In the tissue of the anterior

mediastinum, multiple small hemorrhages were seen; in the epicardium,

scattered punctate hemorrhages. The atria and right ventricle of the

heart were markedly dilated and overfilled with blood. In the liver,

kidneys, spleen, mesenteric blood vessels and pia mater, hypostatic

congestion was observed.

Histologically, in the lungs extensive areas of atelectasis were found,

in which there were small groups of emphysematous alveoli. All blood

vessels and capillaries were considerably dilated and congested. Peri-

vascular edema and erythrocytes were noted in the collapsed alveolar

spaces. In the small bronchi the lumen was narrowed, and their mucosa
was collected in the form of tall folds. There was mucus in the bronchial

tubes. IrL the myocardium as well as in the liver, kidneys and spleen

pronounced dilatation and congestion of the blood vessels was found. In

the brain there were moderate signs of hypostatic congestion of the pia

mater and brain tissue with slight perivascular edema and small hemor-
rhages (Figure 6).

Similar changes were observed in other animals of this group, and

thereby the pulmonary involvement in them was also distinct.

The second group was made up of four dogs whose vagus nerves were

cut -- in two, during inhalation of compressed oxygen, and in two,

before the oxygen effect.

As an example gross and microscopic autopsy findings are given for dog

No. 22, which was vagotomized before the experiment and died 87 min

after the beginning of the compressed oxygen effect.

On autopsy, small areas of atelectasis were found in the posterior lobes

of the lungs (one on the right and two on the left). In the epicardium
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occasionalpunctatehemorrhageswerefound. Thechambersof theright
heartandleft atriumweredilatedandfilled withblood; theleft ventricle
wascontracted. Inthe liver, lungs,spleenandintestinetherewas
pronouncedvenouscongestion.Histologically,smallareasof atelectasis
werenotedin thelungtissue. Theveinsandcapillariesweredilatedand
filled withblood. Aroundthelargebloodvesselstherewasedemaof the
areolarconnectivetissue. In themyocardium,liver, kidneysandspleen,
hypostaticcongestionwasfound.

Therefore,in this dog,as in thesecondone,exposureto theeffectof
compressedoxygenfor 31min, resultedin lesspronouncedatelectasisthan
in animalsof thecontrolgroup.

Intheothertwodogsof this group,thevagusnervesin theneckwere
cutduringtheperiodof developmentof oxygenconvulsions.At autopsy
andonhistologicalexaminationamoremarkedcongestionof the lungsand
pulmonaryedemawerefoundthanin thecontrolanimals. In thesecases,
themoreactivepulmonaryinvolvementwasnotconnectedwiththeduration
of actionof compressedoxygen,sincetheexposuretime(inonedog46min;
in theother, 66rain)didnotexceedor wasevenshorterthanin animalsof
thecontrolgroup.

Thethird groupwasmadeupoffive dogs,in whichprior to theactionof
compressedoxygenthesuprarenalglandswereisolatedbyapplicationof a
circular ligature, whichdisconnectedtheir circulationfrom thegeneral
circulation. In addition,in twodogstheansasubclaviaandbothsplanchnic
nerveswerecut; in onedog,onlytheleft splanchnicnerve.

Theresultsof theinvestigationsshowedthatpulmonaryinvolvementin
theseanimalswasvery slight, whereashypostaticcongestionin the
abdominalorganswasgreaterthanin dogsof thecontrolgroup. Thiswas
particularlynoticeablein caseswhereisolationof thesuprarenalglands
wascombinedwithbilateralor unilateralsectionof thesplanchnicnerves.

Asanexamplebrief autopsyandhistologicaldataarepresentedonthe
dogin whichthesuprarenalglandswereisolatedandtheansasubclavia
andsplanchnicnerveswerecut. Thedogdiedafterthe3 houreffectof
compressedoxygen.

At autopsytheposteriorlobesof thelungsweremoderatelycongested
withsmallareasof peripheralatelectasis;theanteriorandmiddlelobes
werenotabnormal. Therewaspronouncedhypostatiecongestionin the
abdominalorgans.

Histologicalexaminationrevealedsmall, chieflysubpleuralareasof
atelectasisintermingledwithareasof dilatedalveoli. Thepulmonary
bloodvessels,particularlythecapillaries,weredilatedandcongested,
chieflyat thesitesof atelectasis. Therewasedemaaroundthelarge
bloodvessels. Inplaces,smallareasof lungtissuewereencountered
withedemaandhemorrhagesintothealveolarlumina. Markedhypostatic
congestionwasobservedin thespleen,liver, kidneys,andmyocardium.

Similarpathologicalchangeswerefoundin theotheranimalsof this
group. Thecomparativelyslightinvolvementof thelungs,despitethe
factthat exposureto highoxygenpressureswasapproximately2--3 times
longerthanwithcontrolanimals,is striking.
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Discussionof Results

Theresultsof autopsyandhistologicalexaminationof the internal
organsof guineapigsanddogsexposedto theeffectsof highoxygen
pressuresshowedthatin bothtypesof animalspathologicalchangesof a
similar natureare found. In dogs,in contrastto guineapigs, thecon-
gestionof thepulmonarybloodvesselswasmorepronounced,andthere
wasnoeosinophilicinfiltrationof thealveolarseptaor peribronchial
tissue.

Thepatho:togicalchangeswhichwefoundaresimilar in natureto those
describedin animalsexposedto thelong-termeffectof oxygenunder
ordinarybarometricpressure. Theydiffer from thelatter in thatthe
lungsare lessintenselyinvolvedandshownoappreciableinflammatory
reaction. However,this factdoesnotexcludethepossibilityof pneumonia
developingfrom thelong-termeffectof highoxygenpressure.

In guineapigswhichhadfirst beenatropinized,eosinophilicinfiltration
in thelungsis encounteredlessoften. Thesomewhatlesserintensityof
pulmonaryinvolvementin someof themdoesnotgobeyondthelimits of
individualva:riationswhicharefoundin thegroupof controlanimals.Other
authors(GrognotandChome,1955,andothers)havealsonoticedsuch
individualcharacteristicsin thedevelopmentof pathologicalreactionsto
oxygenin thesamespeciesof animal.

In vagotomizeddogsexposedto theeffectof highoxygenpressures,a
definitereductionof pathologicalchangesin thelungsis noted(2experi-
ments),whereasin experimentsonguineapigspreliminaryatropinization
hadnoeffectonthecourseof thepathologicalprocessin thelungs. From
this datait followsthatit is notsomuchthesensoryinnervationof the
lungsastheeffectonthevagalfibers whichis significantin thedevelopment
of pulmonarylesionin acuteoxygenpoisoning.

This agreeswith studies madeby Bykov, Rikkl', Chernigovskii,
and Potapova(1943),who showedthat after cutting the vagus
nervesin thenecksof rabbits, adrenalin-inducedpulmonaryedemadoes
notoccuror, if [in exceptionalcases]theanimaldoesdieof pulmonary
edema,it developslater andis lesspronouncedthanin intactanimals.
Preliminaryatropinizationof therabbitsdoesnotexerta favorableeffect
in this case.

In ourexperimentsthegreatesteffectonthecourseof acuteoxygen
poisoningandtheresultingpathologicalchangesis exertedby isolationof
thesuprarenalglands,particularlywhencombinedwithcuttingthe
splanchnicnerves. In all animalsin whichthis wasdone,first of all,
slightinvolw:mentof the lungsis found,despitethefact thatexposureto
theeffectof '.aighoxygenpressuresis 2--3 timeslongerthanthatof the
controlanimals; secondly,the lifespansof theseanimalsunderconditions
of compressedoxygenare longerthanthoseof thecontrolanimals.

Thedataobtainedatteststo thesignificanceof humoralfactorsin the
developmentof pulmonarylesionsin acuteoxygenpoisoning.Of importance
in this connectionare thestudiesmadeby Tonkikh(1{)44)dealingwith
determinatio:aof theoriginof pneumoniaswhenthesuperiorcervical
sympatheticgangliaare stimulated.It hasbeendeterminedthatpathological
influencesonthelungsare realizednotonlythroughthenervoussystem
butalsothroughparticipationof humoralfactors. Thesignificance of the
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latter is evident,first of all, from experimentsonhypophysectomized
animals,in which,followingstimulationof thesuperiorcervicalsympa-
theticganglianopneumoniadevelops(MoiseevandTonkikh,1945);and
secondly,bycross-circulationexperiments,in whichstimulationof the
neuralstructuresof onedogledto thedevelopmentof pneumonianotonly
in it butalsoin theotherdog(Bekauri,Tonkikh,andShenger,1946).

Thereis reasonto believethattheneurohumoralmechanismof
developmentof pulmonarylesionsalsotakesplaceinacuteoxygenpoisoning.
Thisis attestedto bytheobservationsof anumberof authorsaswellas
ourownexperimentswithisolationsof thesuprarenalglands.

Bean(1952)showedthatpreliminaryremovalof thehypophysisin mice
exposedto therepeatedeffectsof highoxygenpressures(5--6atm) is
accompaniedbyalesspronouncedpulmonaryinvolvementthanin the
controlanimals. Theeffectis eliminatedbytheinjectionof adrenocortico-
tropichormone(ACTH)intothehypophysectomizedanimals.

GrandpierreandGrognot(1954)observedthattheadministrationof
ACTHor extractsfrom thesuprarenalcortexincreasestheintensityof
pulmonaryinvolvementundertheinfluenceof oxygen.

Gershman,Gilbert, Nye,Price, andFenn(1955)haveshownthatafter
removalof thesuprarenalglandsin mice, the lethaleffectof highoxygen
pressuresis delayed.Accordingto their data,amorefavorableeffect
is exertedbycompleteremovalof thesuprarenalglandsthanbydemedulla-
tionofthem. Theeffectivenessof removalof thesuprarenalglandsis
considerablyreducedbytheinjectionof epinephrine,andis completely
eliminatedbytheadministrationof cortisoneor anextractof the
suprarenalcortex.

Theabovedatapermitsusto assumethattheeffectof highoxygen
pressuresis accompaniedbyexcessivestimulationof thehypophyseal-
suprarenalcortical system. Thatisolationof thesuprarenalglands
favorablyeffectsdevelopmentofpathologicalpulmonarychangesand
increasesthe lifespansof theseanimalsunderconditionsof compressed
oxygenis probablyexplainedbythefact thatin thesecasestheadreno-
corticotropicreactionis notrealized.

Whenisolationof thesuprarenalglandsis combinedwithcuttingof the
splanchnicnerves,theintensityof pulmonaryinvolvementfrom theeffect
of highoxygenpressuresis particularlyslight. This, apparently,is
associatedwith thefactthattheprocedureonthesplanchnicnervesleads
to congestionof theabdominalorgans. Theconsiderablereductionin the
quantityof circulatingbloodcausesa reductionof pulmonarystasisand
edema.

Conclusions

1. Pathological changes in the lungs occurring under the influence of

high oxygen pressures took the following forms: dilatation and congestion

of the veins and capillaries, sometimes with hemorrhages into the

surrounding tissues and alveoli; perivascular edema; thickening of the

alveolar septa due to edema and dilatation of the capillary ss_stem; develop-

ment of different degrees and magnitudes of atelectasis. Pulmonary

involvement was associated with a more or less pronounced congestion of

other internal organs.
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2. Isolationof thesuprarenalglandsin dogs,particularlyin combination
withcuttingof thesplanchnicnerves,is accompaniedbylesspronounced
pathologicalchangesin the lungsunderthe influenceofhighoxygen
pressures. Thisfact emphasizestheimportanceof humoralfactorsin the
developmentof pulmonaryinvolvementin acuteoxygenpoisoning.
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P.A. Sorokin . _,

CHANGES IN THE ELECTRICAL ACTIVITY OF THE HEARTS OF

ANIMALS UNDER THE INFLUENCE OF HIGH OXYGEN PRESSURE

(Izmeneniya elektricheskoi aktivnosti serdtsa u zhivotnykh pri

deistvii vysokikh davlenii kisloroda)

/

I

Under the influence of high oxygen pressures serious disorders of

various body functions, including those of the cardiovascular system, occur

comparatively quickly.

Whitehorn and Bean (1952) report electrical activity changes in the

hearts of decerebrate dogs under the long-term effect of high oxygen

pressure (5 atrn). Under these conditions they observed bradycardia and

a delay in AV conduction. At the same time, ventricular extrasystoles

and an AV (nodal) rhythm were sometimes found. These changes occurred

in the early period of the compressed oxygen effect and were eliminated by

cutting the vagus nerve. However, this procedure, according to their data,

did not prevent the development of bradycardia or heart block in the late

periods of oxygen poisoning.
It should be noted that decerebration, being in itself a very serious and

traumatizing procedure, exerts a marked influence on the circulatory

system. Therefore, it seemed advisable to us to study the electrical activity

of the heart in intact animals in the developmental dynamics of acute oxygen

poisoning.

Method

The first series of experiments was performed on intact guinea pigs.

The animals were bound by their legs on a special stand in a supine position.

To record an electrocardiogram (ECG) we used needle electrodes which

were inserted into the subcutaneous tissue and fastened with a strip of

adhesive tape. The guinea pig was placed in a steel chamber 65 1 in volume,

inside which the electrodes were attached to leads going to the electro-

cardiograph. 7_e chamber was closed; after 2 or 3 rain oxygen was blown

in for the purpose of removing the air.

The first group of experiments was performed under a pressure of l,

2. and 3 arm, with exposure times of 150--180 rain (27 experiments). The

ECG tracing was made with three standard leads and, in various experi-
ments, with the use of a fourth lead also (right foreleg and apex of heart).

First, an ECG was recorded in the initial position (15 rnin after tying

the guinea pig to the stand); then, at the beginning of the oxygen effect;

subsequently, every hour and at the end of the experiment.

1452
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For the purpose of studying the electrical activity of the heart in the

convulsive forms of acute oxygen poisoning the experiments were" performed

under a pressure of 5.5 atm (16 experiments). The ECG tracings were

made in the initial position, then every 10 rain during the action of com-
pressed oxygen until convulsions developed and following decompression

during the aftereffect period. In various experiments electrocardiographic

observations were made until the animal died. In eight experiments the

guinea pigs were given a subcutaneous injection of an atropine solution in

a dose of 1 mg/kg prior to the effect of compressed oxygen (5.5 atrn).

The oxygen content of the chamber ranged from 92--96 %; the carbon

dioxide content, from 0.05-- 0.2 %.

As controls, the basic data as well as the results of 14 control experi-

ments performed under conditions of breathing oxygen at a pressure of

1 arm were used.

The second series of experiments was performed on dogs anesthetized

with urethane. In all, 15 experiments were performed; of these, 6 were

on intact animals; 7 on animals vagotomized prior to the effect of oxygen

or during the occurrence of oxygen- induced convulsions; 2, on animals in

which _the heart was denervated in the convulsive period of acute oxygen

poisoning.

The experiments were performed in a large compression chamber. All

the experimental animals were exposed to the action of oxygen under a

pressure of 6 atm. The nitrogen content in the oxygen supply for breathing

did not exceed 2 %. An ECG was recorded in the initial state and from time

to time at various phases of acute oxygen poisoning.

Results of the Investigations

First Series of Experiments. In the initial state the number of heart

beats per rain in guinea pigs ranged from 214 to 350 (an average of 285).

The PR interval was from 0.04 to 0.09 sec (an average of 0.06); the QRS,

from 0.025--0.04 sec (an average of 0.03); QT, 0.09--0.16 sec (an average

of 0.13). As far as the shape of the waves in the normal guinea pig ECG

is conaerned, the P wave was always positive with a rounded and, rarely,

pointed peak. The Q wave was rarely encountered and only in the first lead.

The R wave was always directed upward and was largest in the second and,

rarely, in the first lead. The S wave was found in about half of the experi-

ments, always in the third lead. The T wave in the first lead was usually

negative, rarely positive, or not differentiated at all; in the second lead in

two- thirds of the investigations it was directed upward; in one- third,

downward. In the third lead the T wave was positive as a rule.

The PR and R(S)T segments in the second and third leads were displaced

downward 0.5--1.0 mm from the isoelectric line.

In experiments with oxygen pressures of 1.0 and 2.0 atm, for 2.5--3 hrs

(24 experiments) no appreciable abnormalities were noted in the behavior

of the guinea pigs. The electrocardiogram was normal in 14 experiments;

in 10 a distinct reduction of the T wave was observed (Figure 1).
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FIGURE 1. Changes in the fourth lead of the electrocardiogram of guinea pig under the influence of ox_,gen

at a pressure of 1 arm (experiment of 12 July 1955)

A--basic EGG (si,usrhythm, 240 beats/rain); B--EGG lhr after the antmal had been put in an atmosphere

ofox}gei_; C--EGG, 2 hrs after; D--EGG 2.5 hrs after (a certain increase in the heart rate occurred--about

300 per min--and there is some flattening of the T wave)

During the effect of oxygen under a pressure of 3 atm (three experiments)

motor restlessness was noted, but without development of convulsive

phenomena. In one guinea pig, at the end of the experiment with oxygen

the number of heart beats dropped from 320 to 120/min; various impulses

came from the AV node during the aftereffect. The guinea pig was lethargic

and did not eat for a day. Under the influence of oxygen at 5.5 atm local

spasms appeared in the intact guinea pigs after 13--38 rain (on the average,

after 22.6 rain); generalized convulsions appeared after 18--46 rain (on the

average, after 32.2 rain). In most observations changes in electrical

activity of the heart were found before the development of convulsive

phenomena and were characterized by reduction of the heart rate (on the

average, by 24%). Slowing of the heart beats occurred because of a

change in the sinus rhythm (five experiments), SA block (two experiments),

or incomplete heart block (one experiment). In the convulsive period

heart block was observed more often (seven experiments); nodal and

idioventricular rhythms (four experiments), less often. The changes

indicated above were accompanied by slow ventricular contractions (50--

100/rain), reduced size of the T waves and increase in heights of the R

waves. At the beginning of the oxygen effect the T waves increased in size

somewhat; in the conv'ulsive period, they gradually decreased in size,

and, not uncommonly, in those cases where they had been positive, became

negative. At the same time, during the convulsions, the R(S)T segment

was gradually displaced downward, reaching its most pronounced degree

during the development of terminal signs. After the oxygen effect had

stopped, if the animal survived, normalization of the electrocardiogram

occurred.

As an illustration we are presenting electrocardiographic data for

guinea pig No. 25 (Figure 2). In this case, even at the beginning of oxygen

poisoning incomplete heart block developed, which, with increase in oxygen

poisoning (convulsions and respiratory depression), was accompanied by

progressively more frequent omissions of the ventricular contractions and

a progressive downward displacement of the R(S)T segment (Figure 2, B--E).

After the oxygen effect had stopped the electrocardiographic tracing was the

same as the original (Figure 2, G).

In the initial period of the toxic oxygen effect, along with a slowing of

the heart rate ventricular extrasystoles (Figure 2, B) not uncommonly were

observed.
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FIGURE 2. Changes in the electrical activity of the heart of guinea pig 1'4o. 2<5 under the influence of

oxygen at a pressure of 5.5 atm ( experiment of 2 October 195a1

A--basic EGG (sinus rhythm. 280 beats/min); B--ECG 10 min after the beginning of the oxygen

effect (190 ventrieular con_aetions/min; incomplete AV block; ventrieular extrasystoles; inerease

in the size of the R waves); C -- ECG after 35 min; convulsive period (heart rate, 150/min; as

before, incomplete heart block; the T wave increased in size in the 2od and 3rd minute). D --

ECG after 50 rain; convulsive period (cardiac conuaetions 130/rain; ST segment begins to be dis-

placed downward from the isoelectric line; flattening of the T waves; otherwise the data are the

same as on the previous ECG); E -- ECG after 65 mini rate convulsions; respiratory depression

(cardiac contractions, about 100/rain; as before, incomplete AV block; the ST segment is displaced

downward even further; T waves are negative); F -- ECG 10 rain after decompression and discontin-

uance ot the oxygen effect (sinus rhythm. 220 beats/min. ST segment displaced downward less than

on previous ECG; the T waves are flattened); G-- £CG 68 min after decompression (sinus rhythm

about 280/min; ECG is the same as the original). K -- control. 1 mV = 1 cm. Time marking --

0.05- second intervals.
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In guinea pigs which had been injected subcutaneously with atropine prior

to the effect of compressed oxygen no slowing of the heart rate was observed,

No other cardiac arrhythmias characteristic of acute oxygen poisoning in

intact animals were observed here either. As an illustration of what has

been stated the data of three experiments pertaining to the same guinea pig

are presented (Figure 3).
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FIGURE 3. Curves of the heart rate of guinea pig No. 23 under the influence of oxygen at

a pressure of 5.5 atm (data of three exfperiments), 28 September (1) 5 October (2) and

17 December (3)

On the al_eisza, the number of heart beats/mini on the ordinate, the time (in rain).

AV -- atrioventricular block; 0 z -- beginning of breathing of oxygen; C -- compression;

D -- decompression; A -- inhalation of air.

Second Series of Experiments. The changes in the electrical activity

of the heart in anesthetized dogs depended on the phases of development of

acute oxygen poisoning. The initial reaction to high oxygen pressures is

a certain reduction in the heart rate. As soon as hyperpnea developed in

the animals, tachycardia developed, continuing even during convulsive

FIGURE 4, Change in the electrzcai activity of the heart in an anesthetized dog under the influence of an

oxygen pressure of 6 arm (experiment of 2 February 195'7)

A-- initial ECG ( sinus rhythm, about 160/rain) ; B--ECG 5 mm after the action of compressed oxygen ( sinus

rhythm, about ll0beats/min); C--ECG after 15 rain, during oxygen-inducedhyperpnea (the same data, heart

rate about 130/rain); D--ECG after 22 rain. at the beginning of the convulsive period (data is the same as on

the previous ECG); E--ECG after 33 mini convulsive period (sinus rhythm about 48 beats/rain); F--ECG after

53 mini convulsive period--AV block with a heart rate of about 30/min); G--ECG after 60 min--boginning of

terminal period (sinus rhythm, heart rate about ll0/min; the waves are considerably reduced in size; the T waves

in the second and third leads are relatively large and in the first lead, negative; elevation of the ST segment)i

H--F-.CG after 66 rain; terminal period (sinus tachycardia, about 185 beats/min; Q is deep in the first lead; the

R waves are markedly reduced in height; the P and T waves are relatively large in the second and third leads;

there is considerable elevationoftheST segment); l--ECGrecorded duringdecompression, 14 min after respira-

tory arrest (data is the same as on the previous ECG).
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FIGURE 5. Electrocardiographic changes in a vagotomlzed dog under the influence of compressed

oxygen (6 aim). Experiment of 24 January 1957

A -- basic ECG (sinus rhythm, about 120/min); B -- ECG 6 min after vagotomy, breathing of air

(sinus rhythm, 220 beats/min); C -- ECG 10 ruth after the action of compressed oxygen, at the

beginning of hyperventilation (sinus rhythm, the changes are the same as on the previous ECG);

D -- ECG after 35 min, recorded during the convulsions (as before, sinus rhythm, about 230/ min,

lowering of the _ waves and considerable enlargement of the T waves); E -- ECG after 45 min (the

same rhythm, 240/rain, a marked lowering of the R waves. "giant" T waves, elevation of ST);

F -- ECG after 56 min, immediately after respiratory arrest, "terminal" period of acute oxygen

poisoning (the changes are the same as on the previous ECG).
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paroxysms. In the subsequent course of the convulsive period between the

paroxysms bradycardia developed, and during actual paroxysm was replaced

by tachycardia. At the end of the period of convulsions AV rhythm or heart

block occurred; these cardiac arrhythmias were again replaced by sinus

tachycardia in the terminal period. After respiratory arrest the heart rate

gradually decreased, and "terminal" AV block developed.

Data of electrocardiographic studies of an intact dog anesthetized with

urethane is shown in Figure 4. At the beginning of the oxygen effect the

heart showed a sinus rhythm, but the heart rate was considerably reduced

(Figure 4, B). Beginning with the onset of hyperpnea and at the beginning

of the period of convulsions the heart rate again increased (Figure 4, C, D).

At the height of the "convulsive" period sinus bradycardia occurred between

the paroxysms (Figure 4, E), ending in the development of heart block

(Figure 4, F). At the beginning of the "terminal" period sinus rhythm was

restored, and a considerable tachycardia began soon after (Figure 4, G, H).

In the '"_erminal" period of acute oxygen poisoning, together with the

cardiac arrhythmias indicated above, a considerable reduction of the

voltage of the R waves, a deepening of the Q wave in the first lead, and

elevation of the RST segment in all standard leads were noted.

Cutting the vagus nerves in dogs eliminates the slowing of the heart

rate under the influence of high oxygen pressures. In these animals neither

AV rhythm nor heart block is observed during the convulsions (Figure 5).

However, cutting the vagus nerves does not prevent the development of AV

block in the "terminal" period of acute oxygen poisoning.

It should be noted that in vagotomized dogs exposed to the action of high

oxygen ]pressures, the voltage of the R waves is reduced much more

rapidly, and "giant" T waves appear much more quickly (Figure 5, D---F)

than in the intact animals, indicating the earlier development of myocardial

hypoxia in vagotomized animals.

An additional operation in the form of bilateral section of the ansa sub-

clavia exerts no appreciable effect on tachycardia either during the con-

vulsions or at the beginning of the "terminal" period of acute oxygen

poisoning.

Discussion of Results

The :results of the studies showed than in intact animals even at the

beginning of the action of high oxygen pressures a distinct reduction of the

heart rate occurs. In guinea pigs ventricular extrasystoles, SA block,

and an AV conduction disorder occur not uncommonly during this period.

These cardiac arrhythmias frequently precede the convulsions, being,

therefore, early signs of acute oxygen poisoning.

In dogs, in contrast to guinea pigs, the initial moderate slowing of the

heart rate is replaced by tachycardia against the background of hyperpnea.

With the appearance of clonic and tonic convulsions in the animals brady-

cardia gradually occurs. This is associated with the development of AV

block (complete or incomplete) or nodal or sometimes idioventricular

rhythm.

As is well known from the literature, such cardiac arrhythmias are

encountered in animals after stimulation of the peripheral end of the vagus
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nerves(Smirnov,1947)or its centralstructures(Shidlovskiiand
Kyandzhuntseva,1953)aswell asafter administrationof acetylcholine
(ShidlovskiiandKyandzhuntseva,1953)or carbocholine(Chumburidze,
1955).In viewof this data,aswellasthefact thatin our experiments
withcompressedoxygenpreliminaryatropinizationof theguineapigsor
vagotomyin dogsinevitablyeliminatedbradycardia,heartblockor hetero-
topicrhythm,theconnectionbetweenthesedisordersandstimulation of

the vagus nerve becomes obvious.

The most frequent cardiac arrhythmia in the convulsive period of

oxygen poisoning is AV block. The nature of the conduction disorder in
the AV bundle can be understood from the standpoint of Vvedenskii's

study of parabiosis (1886, 1901), which was subsequently developed and

supplemented by his disciples under the directioh of Ukhtomskii

(1927, 1930, 1934).
Samoilov (1929) was the first to point out the connection between

delayed AV conduction and the phenomena of parabiosis. Subsequently,

many authors presented proof of the parabiotic nature of heart block

(Borisova and Rusinov, 1940; Chernogorov, 1948; Rafiki, 1954; Isakov,

1958; and others). In addition, SA block is regarded as a manifestation

of pessimal inhibition (Arshavskii, 1948).

The study by Vvedenskii and Ukhtomskii gives reason to suppose that

under the influence of high oxygen pressures there is a change in the

functional condition of the excitable cardiac tissues. In these cases,

apparently, stimulation of the vagus nerve and, possibly, also a local

effect of high oxygen tensions, results in a reduction of the functional

mobility (lability)of the excitable cardiac tissue, contributing to the

development of pessimal inhibition. This probably causes both the SA

block and the AV conduction disorders.

The change in the terminal components of the ventricular complex is

interesting. In guinea pigs a downward displacement of the R(S)T segment

from the isoelectric line is noted with simultaneous flattening or inversion

of the T wave. These changes usually appear during the convulsions and

increase with progression of acute oxygen poisoning, becoming most

intense in the terminal period.

In dogs, on the other hand, an elevation of the R(S)T segment is observed,
and there is an increase in the size of the T waves, which not uncommonly

become "giant" waves. The R wave becomes markedly smaller. These

changes usually occur in the terminal period of acute oxygen poisoning. It

should be noted that similar changes on the ECG are found in experiments

on animals with mild cardiohypoxia caused by bleeding, the administration

of sodium nitrate or potassium cyanide (Ar'ev, Kartseva, and Vorob'eva,

1940, 1941; Ar'ev and Kartseva, 1947). "Giant" T waves were recorded

also in dogs after compression or ligation of the coronary arteries

(Zhil'tsov, 1956; Lengyel, Caramelli, Monfort and Clemente- Guerra,

1957; Egurnov, 1958). The data presented gives us reason to suppose

that myocardial hypoxia develops in animals during oxygen poisoning.

The question arises of the cause of this condition in hyperoxemia. The

idea that myocardial hypoxia is connected with pulmonary involvement is

hardly substantiated, since the pathological changes found in the lung tissue

under the influence of high oxygen pressures, although constant, are never

so widespread as to produce hypoxemia (Groshikov and Sorokin, 1963). It

is more likely that tissue hypoxia develops during acute oxygen poisoning
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as a resu]t of a depression of intracellular enzyme oxidation (Bean and

Haldi, 1932; Lehmann, 1935; Nlassart, 1936).

The fact that sinus tachycardia which replaces the heart block and

thereby signifies a change to the "terminal" period of acute oxygen

poisoning, is not eliminated by cutting the ansae subclaviae, indicates that

terminal tachycardia is connected with the action of humoral factors.

In the subsequent course of the "terminal" period, when respiratory

arrest occurs, tachycardia is again replaced by bradycardia and heart

block. Neither ligation of the vagns nerve nor atropinization eliminates the

latter. Therefore, it must be supposed that AV block in this period is

brought about by deep- seated metabolic disorders in the heart muscle,

resulting from the animal's dying.

Conclusion

1. Changes in electrical activity of the heart in intact animals in the

initial period of acute oxygen poisoning are characterized by a distinct

slowing of the sinus rhythm and not uncommonly by extrasystoles, as well

as by SA block and an AV conduction disorder (in guinea pigs); in the

convulsive period, by heart block, and, less often, by nodal or idioventri-

cular rhythm; in the "terminal" period, by sinus taehyeardia (in dogs),

which after respiratory arrest is again replaced by bradycardia and com-

plete AV block.

2. Preliminary atropinization or cutting of the vagus nerves eliminates

slowing of the heart rate, SA block and AV conduction disorder both in the

initial and convulsive periods of acute oxygen poisoning, but does not

prevent the development of "terminal" bradycardia or heart block.

3. Sinus tachycardia at the beginning of the "terminal" period, which

occurs after heart block or heterotopic rhythm, is not eliminated by cutting

the sympathetic pathways to the heart.

4. Displacement of the I%(S)T segment with negative "giant" T waves

and simultaneous lowering of R wave voltage should be regarded as an

expression of myocardial hypoxia, which apparently develops because of a

depression of tissue respiration during acute oxygen poisoning.

5. Cardiac arrhythmias and other changes in the electrical activity of

the heart occurring during the convulsive period of acute oxygen poisoning

are transitory and disappear comparatively quickly when the effect of high

oxygen pressures is discontinued.
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N66--17143
P.A. Sorokin

CHANGE IN THE CIRCULATING BLOOD VOLUME IN DOGS BREATHING

OXYGEN UNDER PRESSURES OF 1.0 AND 2.0 ATMOSPHERES

(Izrnenenie kolichestva tsirkuliruyushchei krovi u sobak pri dykhanii
kislorodom pod davleniem 1.0 i 2.0 ata)

A number of authors have observed that inhalation of increased oxygen

concentrations at ordinary atmospheric pressure is associated with a

reduction of the minute volume of blood (Anthony, 1947; Keys, Stapp, and

Violante, 1943; Whitehorn, Edelman, and Hitchcock, 1946; Sorokin, 1958).

This reduction is associated not only with a slowing of the heart rate but

also with a reduction of the stroke volume (Whitehorn, et al., 1946).

One of the parameters determining the minute volume of blood is the

circulating blood volume. When a reduction of the stroke volume of the

heart is observed in hyperoxia a reduction of the mass of circulating blood

might also be suspected. However, Hitzenberger and Molenaar (1934)

report a certain increase in the circulating blood volume in healthy

persons breathing oxygen at ordinary barometric pressure. They believe

that the reduction in hemoglobin and red cell count which they observed in

these experiments, is explained by the fact that the blood was diluted with

tissue fluid.
The need for clarification of what is involved in circulating blood volume,

particularly under increased oxygen pressures, led to the present study.

Method

The experiments were performed in a compression chamber, under

conditions which remained unchanged, except for the pressure in the

chamber and the oxygen content in the gas mixture breathed.

The experimental animals (dogs) were trained to breathe through a mask

while lying on their left side. The inlet valve of the mask was connected

to a rubberized fabric bag with a corrugated rubber breathing hose. From

time to time the bag was filled with oxygen through a tube from the tank

located outside the chamber. The outlet valve was similarly connected

with another bag, which held the exhaled air. As the bag was filled the

latter was directed out into the outside air.

To prevent the possible development of conditioned reflexes to the

experimental situation, the experiments usually were performed once a

week, and there were two intervals totaling 14 days. In this connection,

control studies were made both at the beginning and end of the observation

series.
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FIGURE 1.  Apparatus for taking blood and syringe for inject ing dye solution into the vein 

1 - ampules containing T-1824  dyesolution; 2 - tuberculin syringe for intravenous injec-  
tion of the dye  solution; 3 - adapter; 4 - system for taking blood; 5 - need le  with 
rubber tube for taking blood; 6 - 10-rnl syringe. 

On the day of the experiment the dogs were weighed, fitted with breathing 
masks, placed on their  left side, and allowed to breath ordinary air (control) 
o r  oxygen under p re s su re  of 1.0 and 2.0 atm. The circulating blood volume 
was investigated 3-4.5 h r s  af ter  the beginning of the experiment. 

The determination of the circulating blood volume was made with Evan 's  
blue (T-  1824)>:1 according to the method described by Gregersen (1944) .  
Initially, a standard solution ( 0 . 5 -  1.0 70) in physiological saline o r  distilled 
water w a s  prepared from the dye T-1824. In ou r  experiments a 0 . 4 8 %  
solution of the dye in distilled w a t e r  w a s  used. 

in a 1 : 5 0  ratio, and then a solution in a dilution of 1:500 w a s  prepared  by 
mixing 0.2 ml  of the 1:50 dye solution with 1.8 ml  of dog 's  plasma. 

The control solution was prepared by mixing 0.2 m l  of distilled w a t e r  
with 1.8 ml  of the same plasma used f o r  the preparat ion of the s tandard 
solution. 

of 10 mm. 
1.5 ml. The optical density of the standard dye solution w a s  determined 
with a spectrophotometer ( S F - 4 )  for a wavelength of 624 m p .  
Through repeated studies the optical density of the s tandard dye solution 
(D) w a s  determined and found to be equal to 0.690. 

From this  standard dye solution a solution w a s  p repared  in distilled water 

The standard and control solutions were poured into cuvettes, to  a depth 
We made use of specially prepared  cuvettes with a capacity of 

* I should l ike to take this opportunity to thank F.Yu.Kachinski1 and D.V. lof fe .  workers in the Department 
of Organic Chemistry of the Kirov Military Medical  Academy,  who, a t  our reuuest, prepared t h e  T - 1 8 2 4 d y e .  
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For intravenous injection of the dye solution we used a tuberculin 
syringe (Figure 1, No. 2)  furnished with a special adapter (Figure 1, No.3) 
which w a s  attached to the upper portion of the syringe barrel .  The adapter,  
a wire curved in the form of a rectangle, i s  clamped to the plunger of the 
syringe and, when the syringe is filled with 1 ml of the dye solution, 
coincides with a circular  depression on the plunger. This adaptation w a s  
necessary,  because when the syringe is filled with the dye solution i t  is 
impossible to see  either the division on it or the base of the plunger. 
The adapter made possible injections which always contained about the 
same amount of dye; e r r o r  w a s  no greater  than f 0.3 70. 

the formula where V is the volume of dye solution injected; 

P is the weight of the volume of dye injected into the vein; 
specific gravity of the dye solution, equal to 1.00022. 

1.021 appropriate figures,  we obtain 1.00022 
to 4.89 mg  of the dry dye). 

Usually, the blood taken from the dogs was from the right jugular vein 
and the left common carotid a r te ry ,  which were first exteriorized 
separately in a skin flap. The first blood sample, serving as a control, 
w a s  drawn from the jugular vein into a tes t  tube in a quantity of 4-5 ml. 
Without being removed from the vein, the needle, along with the rubber 
tube attached to it, was disconnected from the tes t  tube (Figure 1, No. 5; 
2,No. 1);then a 10 ml syringe containing physiological saline solution was 
connected to the rubber tube (Figure 1, No.  6; 2, No. 2). By means of a 
puncture in the rubber tube, 1 m l  of 0.48% dye solution w a s  injected into 
the vein from the tuberculin syringe, and the remainder of the dye solution 
was forced into a container by the physiological solution from the rubber 
tube and the needle (Figure 2). 
of the dye sol.ution with the circulating blood) a second blood sample, a lso 
in a quantity of 4-5 ml, was taken from the jugular vein or  carotid a r t e ry  
of the opposite side. 

The quantity of solution injected into the vein w a s  determined from 

V=;, 

D is the 
By substituting the 

v = - = 1.019 m l  (which amounts 

After 10 min (the time needed fo r  fixing 

FIGURE 2. 
dye  solution into t h e  vein 

1 - need le  with rubber tube; 2 - 10-rnl syr inge containing physiological s a l ine  soluuon;  
3 - tubercul in  syr inge for intravenous inlect ion of the T-1824 dye  solution. 

T h e  position of t h e  tubercul in  syr inge a t  t h e  t i m e  of i n ~ e c t i o n  of t h e  T-1821  
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Therelationshipbetweentheplasmaandredcell volumeswasdeter-
minedbythecoppersulfatemethodproposedby Philips andco-authors
(Philips, vanSlyke,Dole,Emerson,Archibald,andHamilton,1943).
Forthis purpose,in thecontrolsamplea determinationwasmadeof the
specificgravityof wholebloodandthenof theplasmaobtainedbycentri-
fugation. Thismetatocrit (Hcf)is calculatedfrom thefollowingformula:

(sp. gr. of blood) -- (sp.gr. of plasma)

Hcl = 1.104-- (sp. gr. of plasma) '

where 1.104 is the specific gravity of the dogs' red ceils. A nomogram

may be used for the same purpose.
The blood samples were examined for hemolysis, and in its absence a

determination was made of the density of the dye.

The volume of circulating plasma (Pv) was calculated from the following

formula:

Dt×5OOXV (I)
P V -- D2

where D 2 is the optical density of the dye in the circulating plasma after

mixing; D 1 is the optical density of a standard dye solution diluted 1:500

in the plasma; v is the volume of injected dye solution.

Because the same concentration of injected dye solution (0.48 %) was

always used in our investigations, the optical density was constant, i.e.,

equal to 0.690 when the same cuvette was used with solution 10 mm deep.

The volume of dye solution (v), injected into the vein wals also constant,

i. e., equal to 1.019 ml. Substituting these values into formula (1), we

determine the quantity of circulating plasma in ml:

0.690 X 500 X t ,019 351.5

D2 -- D2 "

The circulating blood volume in ml (011) was calculated from the

following formula:

PV
OV_ 100--Hct X I(R), (2)

where pv is the quantity of circulating plasma in ml, as calculated from

formula (1).

Results of the Investigations

In 20 control experiments performed when the animals were breathing

ordinary air, the volume of circulating plasma was, on the average,

47.3 ml/kg body weight with extremes of 42.2--53.0 ml/kg. The circulating

blood volume, on the average, was 84.4 ml/kg. The values obtained in

different experimental animals were from 76.0--93.0 ml/kg (Figure 3)..

However, variations in the circulating blood volume in the same animal

were slight and did not exceed 5.0 ml/kg. Therefore, it appears that a

more or less constant circulating blood volume is characteristic of each

animal under conditions of physical rest.
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FIGURE3. Changes in the circulating blood volume in dogs breathing oxygen under pressures of
1.0 and 2.0 arm

Columns -- circulating blood volumes (ml); unhatched portion of the columns -- quantity of

circulating plasma; the asterisks indicate the ma tt of circulating blood after preliminary subcutaneous
injection of an atropine solution; the "+" signs, determinations of the ma_ of circulating blood

during the aftereffect period.

Our results agree with the investigation data of other authors. Thus,

Bonnycastle, and Cleghorn (1942) found, using the Evans dye method in

106 dogs, that the circulating plasma volume was within limits of 31.8 and

64.6 ml/kg (on the average, 48.3 ml]kg). The total circulating blood

volume ranged from 60.0 to 107.5 ml]kg (on the average, 83.2). The greater

variation in the figures for circulating blood in their experiments as com-

pared with our data is striking. This, in our opinion, is explained by the

fact that these authors made their investigations on untrained animals,

which did not remain quiet enough during the blood- taking procedure.

During the breathing of oxygen under ordinary atmospheric pressure the

quantity of circulating plasma was from 39.1 to 44.0 ml/kg (averaging

41.8 ml]kg). In 18 out of 21 determinations a reduction in this figure, by

an average of 12%, was noted. In only one dog, in 3 out of 6 experiments,

were the figures obtained the same as for the control. Together with a

reduction in the circulating plasma volume there was also a reduction of

circulating blood volume. It amounted, on the average, to 75.6 ml]kg with

extreme figures of 66.2--83.8 ml]kg. Just as in the control experiments,

variations in the quantity of circulating blood were small and did not exceed

+ 4.2 ml]kg.

Under an oxygen pressure of 2.0 aim, the quantity of circulating blood

plasma in dogs was, on the average, 48.1 ml]kg; the circulating blood

volume, 79.7 ml/kg. In 10 out of 13 experiments the circulating plasma

volume decreased by 11.6%, on the average, while the mass of circulating

blood decreased by 9.4% in nine experiments. Therefore, in these

observations the changes in the circulating blood volume were in the same
direction as during the breathing of oxygen under ordinary pressure.
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Afterpreliminaryatropinizationof theanimals,thecirculatingblood
volumedidnotchangeor evenincreasedsomewhatfrom thenormal.

Duringtheaftereffectperiodthefiguresobtainedfor thecirculating
blood were the same as the control figures.

Discussion of Results

Our investigations showed that in animals under the influence of increased

oxygen concentrations, a reduction of the circulating plasma and circulating
blood volumes usually occurs. The data which we obtained does not agree

with the results of investigations made by Hitzenberger and Molenaar (1934),

who found a reduction of the hemoglobin and the red cell count, with some
simultaneous increase in the circulating blood volume, which they explained

by the transudation of tissue fluid into the blood vessels. This discrepancy
is apparently explained by the fact that the exposure to oxygen was brief
(20 rain), whereas in ours it lasted more than 2 hrs.

It is well known that circulating blood mass is closely connected with
the function of the so- called blood depots. The spleen is the main organ

possessing the ability to retain blood (Botkin, 1874; Barcroft, 1937). Such

organs as the liver, lungs, and the subpapillary venous plexus of the skin,

where blood may be retained in considerable amounts because of a slowing

of the circulation, are now regarded as blood depots.
The functions of blood depots are connected with the activities of the

autonomic nervous _ystem. Barcroft (1937) showed that the denervated

spleen stops contracting in response to carbon monoxide intoxication. As

has been determined, stimulation of the sympathetic nervous system is

accompanied by the liberation of blood from the blood depots and an

increase in the circulating blood volume (Grab, Janssen, and Rein, 1929;

Barcroft, 1937; and others). Stimulation of the parasympathetic system
exerts th_ opposite effect (Teplov, 1941).

It is well known that the emptying of the blood depots is an adaptive

reaction to conditions requiring an increased supply of oxygen to the

tissues (strenuous activity, blood loss, h)poxemia, etc. ). When a state
of hyperoxia occurs in the body, a retention of blood in the depots of

internal organs is noted, as our data has shown. This is associated with

the reduction of the minute volume of the blood during the breathing of

oxygen, as has been mentioned above.

Reduction of the circulating blood volume should be regarded as an

adaptive reaction to increased oxygen tension. The mechanism of this

reaction is apparently closely connected with stimulation of the parasympa-

thetic innervation, as is evidenced by the fact that after preliminary

atropinization of the animals no reduction of circulating blood volume was

noted. The reduction of this hemodynamic index under conditions of

hyperoxia is temporary, because during the aftereffect period the quantity

of circulating blood in the experimental dogs is the same as that in the
controls.
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Conclusions

1. In dogs breathing oxygen at pressures of 1 and 2 arm, a distinct

reduction in the circulating blood volume is usually found.

2. Reduction in the circulating blood volume should be regarded as an

adaptive reaction to an increased partial oxygen pressure in the inhaled air.
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L. I.Aruin andM.G.Ryff

CHANGEIN THEADSORPTIVEPROPERTIESOFTHENERVOUS
SYSTEMANDINTERNALORGANSOFWHITEMICE
DURINGOXYGEN- INDUCED CONVULSIONS

(Izmenenie sorbtsionnykh svoistv nervnoi sistemy i vnutrennikh organov

belykh myshei pri sudorozhnom deistvii kisloroda)

The morphological substrate of functional disorders occurring in the

nervous system and internal organs under the influence of increased

oxygen pressure has drawn the interest of many investigators. However,

comparatively recent pathological studies of animal organs have revealed

very slight morphological changes (Dionesov, Kravchinskii, Prikladovits-

kii, Sonin, 1934; Bean, 1945; Smirenskaya and Romanova, 1958;

Zagorskii, 1960, and others).

Methods have now been worked out for the detection of fine cytophysio-

logical changes in tissues under various functional conditions. Intravital

staining is one of the methods suitable for this purpose.

Under the influence of various chemical and physical agents, reversible

material changes occur in living cells and tissues, a phenomenon which

D. N. Nasonov and V. Ya. Aleksandrov (1934) termed paranecrosis. One of

the signs of paranecrotic change is an increase in the affinity of living

matter for intravital dyes (Nasonov and Aleksandrov, 1940; Nasonov, 1959).

This is demonstrable by means of the method of quantitative determination

of the adsorbed properties of tissues worked out by A. A. Braun and

M. F. Ivanov (1933).

For the study of intravital staining of isolated mammalian organs,

V. Ya. Aleksandrov's method (1949) has been used. Recently, intravital

staining of organs of intact mammals has been adopted on a broad scale

(Mandel'shtam, 1939; Aleksandrov, 1949; Savich, 1952; Grebenskaya,

1958; Gramenitskii and Makhover, 1958; Korchak, 1958; Romanov, 1958;

Makhover, 1959).

The method of intravital staining has been successfully used by

Z. I. Barbasheva and A.G. Ginetsinskii (1956) for studying adaptation to

reduced oxygen pressure.

The object of the present study was to utilize intravital staining of both

isolated organs and the intact organism in order to demonstrate the occur-

rence of fine material changes in the central nervous system and some

internal organs under conditions of increased oxygen pressure.
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Method

The experiments were performed in a pressure chamber 3 1 in volume,

on 183 male white mice weighing 17 to 23 g. After a two hour fast, the

animals were placed in the chamber, where the oxygen pressure was
increased to 4.2--4.3 atm in 1--2 rain. The carbon dioxide content in the

chamber ranged from 0.3 to 0.5%. The first convulsive paroxysms under
these conditions occurred in 6--18 rain.

In a special series of control experiments, convulsions were induced by

drugs--0.01% strychnine nitrate solution (0.01 ml/gof body weight) or a 1%

metrazol solution (0.1 ml/g of weight).

In most of the experiments the entire body was stained. A 1% neutral

red so:[ution (Merck) was injected into the abdominal cavities of experi-

mental and control animals, calculating 0.015 ml/gof body weight. At the end

of the experiment all the mice were decapitated, and the brain, spinal cord,

suprarenal glands, and gastrocnemius muscles were removed. The organs

were placed first in Ringer's solution for 20 rain and then in a 2 % solution

of sulfuric acid in 70% alcohol for the purpose of extracting the dye. After

staining, the brain was divided into its hemispheres and lower portions.

After 2,4 hrs the organs were taken out of the alcohol and dried to constant

weight in an incubator at 37 °. The colored alcohol was measure colori-

metrically on an FEK- M photoelectric colorimeter.

The quantity of adsorbed dye was expressed in relative numbers according
to the formula

E - reading on the photometer scale 1000.
weight of dried tissue (mg)

The figures obtained in the experiment were divided by the calculated

figure for the control group derived by the same method, and the results

were expressed in percentages.

In one series of experiments a study was made of intravital staining of

isolated organs. The mice were decapitated immediately after being

removed from the chamber. The brain was taken out first and placed in
Ringer's solution for warm- blooded animals for 10 rain. It was then

transferred to a 0.1% solution of neutral red in Ringer's solution (without

sodium bicarbonate) for 15 min at room temperature. After staining, the

brain was washed in Ringer's solution, separated at the boundary between

the cerebellum and olfactory lobes and placed in acidified alcohol in order

to extract the dye. Study was also made of intravital staining of the spinal

cord, .,mprarenal glands and muscles.

The numerical data obtained was analyzed statistically, and the root-

mean- square error was calculated.

Results of the Experiments

In the first 3--6 min after increase in the oxygen pressure to 4.2 arm,

the mice moved about the chamber, sniffed its walls, washed and scratched

themselves. Beginning with the 6th--15th min the animals became quieter,

sat down, and walked about from time to time. Against this background the
precursors of oxygen poisoning usually appeared (circus movements, tremor
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of thehead,slighttwitchingsof the limbs), after whicha convulsive
paroxysmoccurred,first clonicandthentonic, lasting5--15sec.

At theendof theconvulsiveattackdecompressionwasperformed,which
lastedabout3rain. Theanimalswereunderanoxygen pressure of 4.2 atm,

a total of 14--35 min. After decompression coordination disorders were

sometimes observed in the animals; however, painful stimulus applied to

the hind paw resulted in reflex withrawal,

A pathological study of the organs in these animals revealed only very

slight circulatory disorders, chiefly in the brain in the form of congestion

and occasional light hemorrhages. Very similar changes are noted in the

control animals after decapitation. In a number of mice there were small

areas of atelectasis.

The results of the experiments using intravital staining are shown in the

table and on the figure.
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Adsorptive power of organs at variou_ phases of the toxic effect of oxygen

on the abscissa, phase of the toxic effect of oxygen: I -- preconvulsive; II -- convulsive;

IU -- immediately after reduction of oxygen pressure; IV -- aftereffect phase. On the

ordinate, the dye adsorption (in percent of the control). 1 -- renal hemispheres; 2 --

lower portions of the brain; 3 --spinal cord; 4 -- suprarenal glands; 5 -- muscle.

In the first series of experiments a study was made of the adsorptive

power of the tissues under the toxic influence of oxygen in the preconvulsive

period. For this purpose the mouse with dye injected into its abdominal

cavity was placed in the chamber and kept under a pressure of 4.2 atm of

oxygen until the precursors of oxygen poisoning appeared. It was determined

that during this period adsorption of neutral red by the cerebral
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hemispheres is reduced to 88.54% (--11.46+2.3); by the lower portions of
the brain, to 83.6 % (-- 16.7 ± 3.4), and by the suprarenal glands to 65.9 %

(--34.1± 5.5) (see the figure).

In the second series of experiments a study was made of the adsorptive

power of organs of animals which had suffered convulsive paroxysms in the

chamber at a pressure of 4.2 atm. The results revealed a distinct increase

in the stainability of the cerebrum (134.2% or +34.2+ 2.7%); the lower

portions of the brain (118.8% or +18.8i3.97%); the spinal cord (113.1 or

+13.1 + 6.2%) and particularly the suprarenal glands (160.4% or +60.4± 7.8 %).

The adsorptive power of muscles remained about the same (102.3%or+2.3±

±2.5%).

In the third series of experiments a study was made of the stainability

of organs in the postconvulsive phase. After the attacks of convulsions the

mouse was removed from the chamber and given an intraperitoneal injection

of the dye immediately after decompression or 60 rain after. The staining

was continued 20 min. The results of this series show a distinct reduction

of the dye adsorption by the brain. The greatest reduction was noted in

the cerebrum (82.8 % or -- 17.2± 2.0 %); a lesser reduction, in the lower

portions of the brain (93% or --7± 2.2 %). In the spinal cord, on the other

hand, an increase was found in the adsorptive property (129.1% or

+ 29.1 ± 9.1%). The suprarenal glands also bound the dye to a greater extent

than the controls (117.1% or + 17.1± 4.6%) (see the figure).

Sixty rain after decompression, reduction of the adsorptive properties of

the cerebrum was practically the same (83.75% or--16.25±3.7%). The

lower centers of the brain were characterized by a greater reduction of

adsorptive properties (82.3% or --17.7± 7.1%); in the spinal cord and

suprarenal glands increased adsorption was replaced by decreased

adsorption (see the figure).

A study of the adsorptive power of the brain and muscles, also in the

postconvulsive phase but with staining of the isolated organs, showed an

appreciable reduction of the binding of neutral red by the cerebrum (85.4%

or --14,6± 3,6%) (see the table).

Finally, in the last series 14 paired experiments were performed.

Fifteen rain after the injection of neutral red into the abdominal cavity a

subcutaneous injection of 0.01% strychnine nitrate solution was given

(0.01 ml/gof body weight). After 3-- 4 rain,tonic convulsive attacks occurred.

The experiments showed that the stainability of the cerebrum and lower

centers of the brain did not change, whereas that of the spinal cord increased

by 1 1/2 times (150.3% or +50.3±14.9%). The opposite result was obtained

in similar experiments, where the convulsions were produced by the

injection of a I% metrazol solution (0.i ml/gofbody weight). An increase in

the stainability of the cerebral cortex (117 % or + 17 ± 3.9 %) and subcortical

nuclei (121% or +31±4.3%) was found. The adsorptive properties of the

spinal cord did not change.

Discussion of l_esults

In animals exposed to the effect of compressed oxygen a phasic change

occurred in intravital stainability of the central nervous system and

suprarenal glands.
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Thefirst (preconvulsive)phase(periodof precursorsof oxygenpoisoning),
is characllerizedbya reductionof stainabilityof thenervoustissue.

In thesecond(convulsive)phase,thereis anincreasein thebindingof
dyebythecerebrum.

Almostthesameincreasein adsorptivepowerwasfoundbyS.N.Romanov
(1948},whostudied the stainability of the cerebral cortex of rats during

marked excitation in elaborating a conditioned defense reflex. It may be

considered that increased ability to bind neutral red during the convulsive

effect of oxygen is also explained by excitation of the cerebral cortex.

In the third (postconvulsive) phase a reduction is again observed in

adsorptive power, which lasts an hour after convulsions cease.

Reduction of intravital stainability of the brains of mice after marked

excitation resulting from electrical stimulation of the nerve has been

described by S. N. Romanov. A similar biphasic change in stainability

(reduction after an increase) has been observed by other authors

(Zarakovskii and Levin, 1953; Golovina, 1958; and others).

Results of the intravital staining method suggest that during epileptiform

convulsions produced by the toxic effect of oxygen the greatest excitation

occurs in the cerebrum. Confirming this statement are experimental

studies of intravital stainability of the central nervous system centers in

convulsions induced by drugs with a well- known mechanism of action:

strychnine, which chiefly affects the spinal cord, and metrazol, which acts
on the inter- and midbrain. The experiments showed that stimulation of

these portions of the central nervous system after injection of the corres-

ponding doses of strychnine and metrazol was associated with a distinct

increase in their adsorptive power.

The question may arise as to whether changes in adsorptive properties

found afte:c staining of the entire organism were a result of disorders of

vascular permeability and hemodynamics. It is well known that oxygen has

a vascoconstrictive effect. Therefore, during the period of convulsions a

reduction might be expected in the supply of the dye to the organs, resulting

in reducecl stainability. The increased stainability of the brain attests to

increase of the dye adsorption by nervous tissue. Experiments with

intravital stainingon isolated organs yielded the same results as experiments

with the entire organism.

The method of intravital staining revealed that suprarenal glands

undoubtedly participate in the pathogenesis of oxygen poisoning. Micro-

scopic studies showed that neutral red chiefly stains the medullary

substance of the suprarenal glands; staining of the cortical substance is

barely noticeable. A marked increase in stainability of the medullary

substance during the convulsive period may be considered an index of its

great activity, which is maintained in the next period.

It is interesting that the changes in the adsorptive properties of muscles

are so slight.

Conclusions

1. The method of intravital staining makes itpossible to demonstrate

early cytophysiological changes in various central nervous system centers

and suprarenal glands under the toxic effect of oxygen.
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2. A quantitativeevaluationof thesechangesmadeit possibleto
determinethefollowingphasesof adsorptivepropertiesof thenervous
systemcenters: in thepreconvulsiveperiodthe adsorptive power of the

brain is reduced; during the convulsions such power increases considerably,

and in the postconvulsive period a reduction re-occurs. Of all the nervous

system centers, the cerebral cortex showed the greatest changes.

3. A study of the adsorptive properties of the suprarenal glands showed
that the development of oxygen poisoning is accompanied by distinct changes

in dye adsorption at various phases of the toxic effect of oxygen. This

apparently indicates their considerable part in the pathogenesis of oxygen

poisoning.
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G. L. Zal'tsman, I.D. Zinov'eva, S. D. Kumanichkin, and A.V. Turygina

EXPERIENCE IN THE COMPREHENSIVE STUDY OF THE CONDITION

OF SOME SYSTEMS OF THE HUMAN BODY UNDER INCREASED

OXYGEN PRESSURE

(Opyt kompleksnogo izucheniya sostoyaniya nekotorykh sistem organizma

cheloveka v usloviyakh povyshennogo davleniya kisloroda)

Despite the large number of papers on the toxicity of increased oxygen

pressures, its effect on many human body functions remains inadequately

studied. Thus, no special investigation has been made of the human motor

system under conditions of an increased oxygen pressure. A study of

higher nervous activity by the conditioned-reflex method (Zhironkin, 1935;

Rikkl' and Krivosheenko, 1948; Zilov, 1953) and by the electroencephalo-

graphic method (Lennox and Behnke, 1956; Gersch and Cohn, 1944;

Stein, 1955; Alekseev, 1957; Chan--chun, 1960; and others) has been

made only on animals.

The functions of the human cardiovascular and respiratory systems

under conditions of increased oxygen pressure have been studied by many

authors. It has been determined that initially a slowing of the pulse and

respiration occurs; subsequently, in the toxic phase, an increase in their

frequency and in blood pressure is observed. One of the early signs of

the toxic effect of oxygen is constriction of the peripheral visual fields

(Behnke, Forbes and Motley, 1936).

The aim of the present investigation was to study comprehensively the

functions of a number of systems in man -- central nervous system,

motor, cardiovascular, and respiratory -- under the initial toxic effect

of oxygen.

Method

The studies were made on three subjects (divers, 21--23 years of age)

in a dry compression chamber. The subjects breathed oxygen through a

face mask in self- contained breathing apparatuses (the oxygen conten*, was

90--93%). By supplying compressed air, the pressure in the chamber

was raised to 3.5 atm in 2--3 rain. This pressure was the safest and most

convenient for studying the initial stages of oxygen poisoning.

The heart and respiratory rates were recorded on an MPO- 2 oscillo-

graph by means of skin electrodes* and a carbon- contact pickup. The

blood pressure was recorded on an arterial oscillograph. The visual fields

were determined on a portable perimeter.

* An EKP-5M electrocardiograph was used as an amplifier.
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The muscle action currents were taken from the flexor digitorum

communis of the right forearm, and recorded on an EMG- 4- OTM

electromyograph. With the use of graded loads the record of action

currents was made as follows: on an ergograph with a weight of 4 kg

supported by index finger, and by compression of a hand dynamometer

with forces of 8, 16, and 32 kg. The loads were changed at one- minute
intervals.

The electroencephalogram was recorded on a subject sitting quietly

with his eyes open. The cerebral action currents were tapped uniformly

by means of skin electrodes from areas corresponding to the projections

of the visual center and motor center of the right upper extremity. The

action currents were amplified by means of special voltage amplifiers

and recorded on an MPO- 2 oscillograph.

The higher nervous activity was studied by means of the following tests,

listed _ceording to the sequence of application: investigation of a

previously elaborated motor reflex (pressure on a pedal in response to a

lampl;_ght) and delayed reflexes (pressure on a pedal in response to a red

light, with a lag of 20 sec); determination of maximum discrimination of

lights of different brightnesses; performance of a verbal experiment

(5--10 stimulus words) with a subsequent check on memory; determination

of the critical flicker frequency of a black and white disc or the critical

frequency of stimuli on an FFS-O1 combination photic and audio stimulator.

The assignment was given to draw a figure and write inscriptions for it;

afterimages occurring after a three- second exposure to a luminous circle
with a black diamond in the middle were determined.

The procedure for the investigation was the following: electroencephalo-

graphic tracing, a study of higher nervous activity, record of the indices

of conditions of the cardiovascular and respiratory systems, and, finally,

an electromyographic record. All the studies were initially made in a

chamber under ordinary conditions, while breathing air, and then every

half-hour while under pressure. The subjects were constantly observed

during their time in the chamber. Each subject was exposed twice to the

effect of increased oxygen pressure.

Results of the Investigations

Under conditions of increased oxygen pressure the subjects showed the

following signs. During the first hour increased intestinal peristalsis was

noted. After one hour and 32 min to one hour and 54 min the subjects

complained of pains behind the sternum, labored respiration, headache, a

black shroud before the eyes, and numbness of the fingers. At the same

time, a dilatation of the pupils, facial pallor, and increased perspiration

were observed. With increase in these phenomena the subjects were

shifted to breathing air. Usually this occurred after being under pressure

1 hour and 55 rain to 2 hours and 35 min.

Special studies of the conditions of certain body systems revealed the

following. While breathing oxygen under pressure the subjects showed a

gradual reduction in the frequency of cardiac contractions (by a maximum

of 11--19 beats per rain) with a simultaneous increase in blood pressure.

No pronounced changes in the respiratory rate were noted. The peripheral

visual fields did not change.
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FIGURE 1. Comtriction of peripheral ritual field at the end of exposure to increased

oxygen pre,ture (the vltual fields were determined at 4 pointa)
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At theendof theperiodof breathingoxygen,in three instances an

increase in the heart rate was noted. In all subjects the blood pressure

increased: the systolic, by 10--18 ram; the diastolic, by 21--25 mm.

With the appearance of retrosternal pain, an increase in the respiratory

rate by 4--10 per min was observed. In two cases a considerable

concentric" narrowing of the peripheral visual fields was observed

(Figure 1).

FIGURE 2. Change in action currents from the flexor communis digitorum of the

right forearm on squeezing a dynamometer with a force of 32 g

1 -- under normal pre2tsure conditions while breathing air; 2 -- after 10 min of

being under increased oxygen pressure; 3 -- after 40 min; 4 -- after 2 hrs and

10 rain; 5-- 35 rain after switching over to breathing air. Time marring --

0.1 second intervals.

The EMG changes were noted as early as the first tracings -- in the

10--30th rain under pressure (Figure 2). The :frequency and amplitude of

the action potentials increased considerably over the initial figures. At

the end of the time under pressure the frequency of the action potentials

increased 41--108%; the amplitude, 75--180%. There was a direct

relationship between the amplitude of the action potentials and the force

applied. :No changes were noted in the general EMG structure.

Changes in the electroencephalogram of the visual area were noted as

early as t:he first tracings, 3 rain after completion of compression

(Figure 3, No. 2). The wave frequency increased to 45 per sec, and

separate peaks appeared with amplitudes of 20--60 microvolts. At the end

of the first hour an increase was observed in the amplitude of the waves,
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andtherewerea largenumberof high-voltagepeaks(40--180microvolts)
(Figure3, No.3). At theendof the second hour, reduction in the

amplitude of the waves and multiple peaks were noted (Figure 3, No. 4).

FIGURE 3. Action c_renu of the optic area

1 -- under normal pressure conditions while

breathing air; 2 -- after 3 rain of being under

increased oxygen pressure; 3 -- after 1 hr;

4 -- after 2 hrs of being und_ increased oxygen

pressure,

7O

5

0 ¸ !

Backwood

FIGURE 4. Frequency of fusion of photic and audio

stimuli under an oxygen pressure of 2.5 arm

On the abscissa, frequency of the stimuli per seei

on the ordinate, time spent under prenure (in min).

1 -- frequency of fusion of photic stimuli; 2-

frequency of fusion of audio stimuli.

Appreciable changes in the electroencephalogram of the motor center

were recorded only after an hour under increased oxygen pressure. Low-

voltage peaks and slow waves (10--12 per sec) appeared. After 1.5 hrs

the number of peaks increased. Subsequently, this picture did not change

appreciably.

Changes in higher nervous activity occurred as early as the first 5 and

10 rain of breathing oxygen under pressure. A slight increase was noted

in the latent period of motor and verbal reactions (by 8--14%), and there

was a reduction in the motor and delayed reflexes (by 15--30%). After

2--2.5 hrs of being under pressure these changes decreased somewhat.

The other tests and problems, including such complicated ones as tests

of maximum discrimination, delayed reflexes, a verbal experiment with

a check on memory, and drawing were carried out the same way under

increased oxygen pressure as under normal pressure.
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There was a considerable reduction of the critical frequency of photic

and audio stimuli; changes in these indices proceeded in parallel. The

maximum reduction toward the end of the time under pressure was 20--60%

(Figure 4). After half an hour under pressure, pronounced changes also

occurred in the latent period, color and shape of the after- images.

Discussion of Results

The clinical manifestations of the toxic effect of oxygen (facial pallor,

numbness of the tips of the fingers, labored respiration, and others)

occurring after 1 hour and 32 rain to 1 hour and 54 min indicate disorders of

the autonomic nervous system functions. Similar manifestations of the

toxicity of oxygen have been described previously by many authors.

The reduced pulse and respiratory rates occurring under increased

oxygen pressure against a background of very slight change in blood

pressure may be interpreted as an adaptive reaction, in accordance with

the ideas of other authors (Behnke et al., 1936; Haldane and Priestley,

1937; Zhironkin, 1955; Sorokin, 1960; and others). Subsequent increase

in the respiratory and pulse rate, increase of blood pressure, and

constriction of the peripheral visual fields indicate functional disorders of

the cardiovascular and respiratory systems, which is also in agreement

with the opinion of other authors (Behnke et al., 1956; Haldane and

Priestley, 1937; Zhironkin, 1955; Sorokin, 1960; and others).

The ability to accurately perform the physical exercises assigned under

increased oxygen pressure leads us to believe that no pronounced functional

disorders of the motor system occurred in the subjects. However, the

same exercises were performed with increased bioelectrical activity of the

muscles. This suggests that efficiency is maintained under increased

oxygen pressure in the presence of considerable stimulation of the motor

system.

Cha;ages in the electroencephalogram under conditions of increased

oxygen pressure were similar to those observed in the preconvulsive state

by many authors. The earlier and greater changes in the action currents

of the optic area should be noted.

Tha'_ the subjects could still carry out such complicated reactions as

maximum discrimination of light intensity, delayed reflexes, and the verbal

experiment under increased oxygen pressure leads us to believe that the

complex cortical functions (analytical- synthetic activity, processes of

internal inhibition, fine motor coordination, and others) do not change

substantially. The slight changes in the latent periods of the verbal and

motor :reactions and in the magnitudes of the latter, as well as the

considerable changes in the after- images and critical frequencies of photic

and auciio stimuli observed, may be explained by the change in the

functional condition of the brain and possibly of the lability of the centers.

The changes appear first in the sensory centers.

Comparing the results obtained by different methods of investigation, it

should be noted that it was possible to demonstrate a number of latent

changez3 in a subject as early as the first few minutes under increased

oxygen pressure. The greatest changes occurred in the visual and, possibly,
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auditory analyzers (change in the action currents of the optic area, reduction

of the critical frequency of photic and audio stimuli, and change in the

dynamics of after-images). However, despite these changes the complex

behavioral reactions were retained. Therefore, it may be considered that

changes demonstrated in the central nervous system are compensated for

as are changes in the motor and cardiovascular systems.

Subsequently, with the appearance of pathological signs of oxygen

poisoning (labored inspiration, retrosternal pain, black shroud before the

eyes, facial pallor, abundant perspiration, and dilatation of the pupils)

disorders were also noted in the cardiovascular and respiratory systems:

increase in the heart and respiratory rates, increase in blood pressure,

and constriction of peripheral visual fields. No new substantial changes

occurred in the other systems studied.

Conclusions

1. The earliest changes occurring in the human body under the influence

of high partial oxygen pressures and their subsequent dynamics can be

demonstrated with simultaneous investigation of the physiological functions

of a number of systems (central nervous system, motor, cardiovascular,

respiratory).

2. In the initial period under increased oxygen pressure the functional

changes recorded in the body systems were compensated for and did not

appear as behavioral reactions.
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N.Ya.Sidorov

METHODOFDETERMINING THE HEMODYNAMIC INDICES

IN LONG- TERM EXPERIMENTS ON DOGS UNDER A HIGH PARTIAL

PRESSURE OF OXYGEN (IN A PRESSURE CHAMBER)

(K metodike opredeleniya gemodinamicheskikh pokazatelei v

khronicheskikh opytakh na sobakakh pri vysokom partsial'nom davlenii

kisloroda (v barokamere))

One of the important indices in the effect of a high partial oxygen pressure

on the body is the change in cardiovascular functions. This problem has

been specially studied on human beings, chiefly at pressures no greater

than 3 atm, during the initial period of the action of oxygen and until its

convulsive effect began (Alveryd and Brody, 1940; Zhironkin, Panin,

Sorokin, Farber, 1947; and others).

With animals, studies of the cardiovascular system may be made prior

to and during the convulsive period. Until recently such studies were made

only in short-term experiments. Blood pressure dynamics under these

conditionshave been studied on dogs by Bean and l%ottschaffer (1937),

P. M. Gramenitskii, P.A. Sorokin (1964), and others.

Clinically, for the purpose of judging the hemodynamic changes in the

body, a number of indices are determined: blood pressure, arterial

elasticity, pulse rate, stroke volume, peripheral resistance, and others

(Savitskii, 1936, 1956; Kositskii, 1959; Arinchin, 1961; Wiggers, 1957).

In our investigations_a study was made of the following indices: blood

pressure (diastolic, lateral systolic), the rate of propagation of the pulse
wave as an index of the tone in the large artery (Pravdich-Neminskii, 1950;

Savitskii, 1956; Arinchin, 1961), the pulse (by the electrocardiogram) and

the respiratory rates.

Method of Investigation

In working out the method we encountered considerable difficulties,

which necessitated performing the experiments at a high barometric

pressure.

SThe experiments were performed in a steel pressure chamber with a
c_acity of 100 1. Electric wires for recording the processes were

introduced through the stuffing box of the chamber.

As with the other indices, the electrocardiogram from the electrocardio-

graph amplifier was recorded on an MPO- 2 oscillograph. The respiratory
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andpulsewavesof the carotid arterial wall were recorded_y means of
carbon- contact pickups, which were made of powdered carbon and nipple

rubber*. For the purpose of increasing the sensitivity of the pickups, the

latter were set up with permanent resistors in a bridge circuit (Sukachev,
1954).

_:)ur tracings of the pulse waves of the carotid artery made it possible

to determine the time of mechanical systole (from the beginning of the

anacrotic wave to the incisura), the time of diastole, and the total period

of the cardiac cycle (Figure 1). This data is necessary _n calculating the

stroke volume of the heart according to the Bremser-Ranke formula (1931).
The record of pulse waves of the carotid artery was also used for

determining the rate of propagation of the pulse wave by the V. V. Pravdich-

Neminskii method (1950). This method makes possible simultaneous

recordings of the electrocardiogram and pulse waves of the carotid artery

in any one section.

FIGURE 1. Determination of the rate of propagation of the pulse wave by the

Pravdich-Neminskii method

From top down: pulse waves of the carotid artery; time marking-- 0.002 sec;

ECG-- second lead. Rate of movement of the tape -- 250 ram/see; the arrow

indicates the ineisura.

In dogs, blood pressure was measured in the carotid artery from an

exteriorized skin flap by the tachooscillographic method of N. N. Savitskii

during the period of cuff compression. We could not utilize the Savitskii

mechanocardiograph, which provides for clinical recording of tachooscil-

lograms (differential curves) because of its use of air transmission of

arterial oscillations and of optical recording. It was impossible to use

the arterial AO2- 01 oscillograph, produced by the SKTB "Biofizpribor",

because with increase in pressure and, accordingly, increase in the gas

density, there is a change in the differentiating power of the differential

AO2- 01 piezoelectric manometer, by means of which a distance recording

of the tachooscillogram may be made at normal barometric pressure.

Instead of the AO2- 01 piezoelectric differential manometer we used a

piezocrystal, which has differentiating properties in the area of mechanical

frequencies from 0 to 50/sec, i.e., the EMF which occurs on its edges is

a function of the change in frequency of the mechanical effect (signal) on the

crystal (_[klrigin, 1959). Because the piezocrystal eliminates interference

from the air gap of the cuff, connecting tubes, and d.ifferential manometer,

its use considerably simplifies and renders more sensitive the differential

recording system.

The capacity of the piezocrystal for transforming nonelectrical signals

into electrical ones has been widely applied in medical practice (Langevin

* The resistance of the carbon-contact pxck-up for recording the pulsations of the carotid artery was about
2,000 ohms; for recording respiration, about 1.200 ohms.
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and Homez, "1933, _934; Lepeshinskaya, 1943; Grinshtein, Bragina,

and Goryd, 1954; Shvang, Fedorov, 1954; Marshak, 1956; Naumenko,

1957; Kositskii, 1959; Babskii, 1963; and others); however, we have

found no indications in the available literature of the piezocrystal being

used for recording the differential blood pressure curve in long- term

experiments on animals under an increased barometric pressure.

The piezocrystal has a number of defects: fragility, increased hygro-

scopicity, and a sensitivity to temperature changes. However, if the

piezocrystal is set in an airtight capsule made of Plexiglas (Figure 2) the

influence of these defects on the accuracy of the measurement can easily

be eliminated.

-3 e 2 3

Zmm 
1_/ T:

@am 15mm

5----b---llamm

_--------- .]5 m m ----------_

FIGURE 2. Diagram of the arrangement of an atttight

Plexiglas capsule for the piezocrystal

1 -- piezocrystal; 2 -- rubber gasket 0.5 mm thick;

3 -- outlet contacts from the piezocrystal; 4 -- body of

the capsule; 5 -- projection of the capsule; 6 -- points

of attachment of the pi_zocrystal to the rubber gasket.

The signal from the piezocrystal is directed to the electrocardiograph

amplifier or a UBP- 01 amplifier made at the SKTB "Biofizpribor. "

The frequency characteristic of the amplifier influences the shape of

the differential curve. In working on the UBP- 01 with a frequency filter

(below 10 cycles/sec and above 1000 cycles/sec) the differential curve

recorded is very similar to the tachooscillogram (Figure 3).

The differential curves recorded from the piezocrystal under normal and

increased pressures are the same. Interpretation of the differential curve

from the piezocrystal was made by the tachooscillographic method. The

appearance of the first distinct negative wave in the lower portion of the

differential curve corresponds to the minimum pressure; the appearance

of the maximum oscillations, to the lateral systolic pressure. On the

level of the lateral systolic pressure the positive waves decrease in

amplitude (Savitskii, 1956).

For measuring blood pressure under pressure chamber conditions,

a special system was worked out for compressing the carotid artery

exteriorized in a skin flap so that the experimenter, who was outside the

chamber, could make at will a blood pressure record (Figure 4). The

principle of operation of the arterial compression system is that with the

valve of the small tank open the gas, which is under a pressure of 150 atm,
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goes through a reducer to the cuff set

on the vascular flap. If valve 2 is

closed, there is an increase in

pressure in the cuff when the gas

enters, and the blood vessel is com-

pressed. With valve 2 open decom-

pression occurs, and the pressure in

the cuff is reduced to the level of

pressure in the chamber. During the

experiment valve 2 is closed only

during the measurement of the blood

pressure.

For distance recording of the

pressure change within the cuff, use

was made of gauges set on the dia-

phragm of a Plexiglas capsule which

was connected to the cuff through a

T-piece (Figure 4). The signal from

the strain gage was directed to a

special amplifier {strain gage posi-

tion) and then to the recorder. Within

the limits of the pressures measured
from 0 to 240 mm a linear relationship

occurred between the value of the

pressure in the cuff and the readings

of the strain gages (Babskii, Gurfinkel',

1954; Liberman, 1958; Antonov,

Vasilevskii, Naumenko, Sazonov, 1961;

and others).

During the course of the work the

strain gages were calibrated from
time to time with a mercurial mano-

meter. After the calibration a resist-

ance of 50 kilohms was put into the

circuit, which threw the bridge out of

balance (M 1, Figure 3). This loss of

balance in the bridge subsequently

served as a standard control signal
before each blood pressure measure-

ment for determining the gain of the

strain gage position. For the purpose
of eliminating errors introduced by
inconstancy of the gain, graphs were

drawn showing the relationship between
the output signal when calibrated as a

function of the gain. With consideration

of this relationship, the true blood
pressure value was determined.

The minimum pressure, aside
from recording by the tachooscillo-

graphic method, was measured by a
carbon- contact pick- up with the use of
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the Frank Wezler method (1931). These authors suggested determining

the minimum pressure at the time of occurrence of the negative wave

before the anacrotic wave of the sphygmogram or the pointed peak on the

anacrotic wave, the "preanacrotic" phenomenon. Their data has been

confirmed by the works of other authors (Bauereisen, Paerisch, Schmerso,

1953; Drube and Anschfitz, 1954; Wiggers, 1957). Independently of Frank

and Wezler, the "preanacrotic" phenomenon has been observed by other

investigators (Erlanger and Hocker, 1916; Bramwell and Hickson, 1926).

9
7

6

8
I 3

II

F/GUP_ 4. Diagram of system for compressing carotid a_te_zy

1, 2 -- valves of the chambers; 3 -- chamber manometer;

4 -- cuff; 5 -- Plexiglas capsule; 6 -- 1.3-liter tanks (operat-

tag preuure, 150 arm); 7 -- reducer (oxygen-supply

mechanism)." 8-- cross-connection; 9-- air ducts; 10-

stuffing box for electric wires; 11 --chamber.

FIGURE 5. Determination of the diastolic pressure by the Savitlkii tachooscillographic

method and the Frank-Wezler method

From top down: differential curve from the piezocrystal; pulse waves of the carotid

arterial wall; pressure in the cuff. Time marking -- 1-second interva/s. Rate of

movement of the tape, 10 ram/see.
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As is evidentfrom Figure 5, the appearance of a negative wave on the

differential curve during the period of compression corresponds to the

occurrence of a "preanacrotic" phenomenon on the sphygmogram. *

General Procedure for Performing the Experiments and Their Results

Before putting the animal into the chamber, skin electrodes were placed

on it for recording the electrocardiograms in the second lead. A cuff was

set on the vascular flap, and under it a capsule containing a piezocrystal

was placed so that the tip of the capsule projection was located over the

pulsating blood vessel. A carbon- contact pick- up was locateddistal to the

cuff.

After the application of thepick-ups a record was made of the initial

temperature in the chamber in which the dog was placed. After 18--20min

we began to record the initial background of the animal in the chamber with

the cove1 _ open (25 min). After this, the cover of the chamber was closed,

and the chamber was ventilated with oxygen for 2--3 sin or, depending on

the purpose of the experiment, with air. Compression was then carried

out at a rate of 1 atm/min. The diastolic pressure did not exceed 3--4

absolute atm. The chamber was ventilated with oxygen for 1 minute every
20 sin. The animal remained under pressure until oxygen- induced

convulsions appeared, after which decompression was performed. During

the period of decompression a gas sample taken from the chamber was

analyzed for carbon dioxide and oxygen. The record of the indices was

made ewery 5 sin during the course of the experiment.

Conclusions

1. With the aim of studying hemodynamic changes in long- term experi-

ments on dogs the following methods were modified to apply to working

conditions under increased pressure: the tachooscillographic method of

N. N. Savitskii, the Frank- Wezler method for measuring the blood pressure,

and the V. V. Pravdich- Neminskii method for determining the rate of

propagation of the pulse wave in large arteries.

The Savitskii method required the most improvements: the main unit of

the mechanocardiograph -- the differential manometer -- was replaced

by a piezocrystal, which simplified the method and increased the accuracy

of the differential curve recording. The optical system of the mechano-

cardiograph was replaced by a UBP-01 amplifier and MPO- 2 oscillograph.

For recording the diastolic pressure by the Frank- Wezler method under

conditions of increased pressure, a highly sensitive air capsule with optical

recording was replaced with a carbon- contact pick- up set inn bridge circuit.

This carbon- contact pick-up was used for recording the rate of propagation

of the pulse wave.

* In Figure 3 a tracing is given in which the appearance of the negative wave in the differential curve

corresponds m the recording of the last pulse curve of ordinary configuration. Such a pouibility has been

mentioned by Wiggers (1957). According to our tracings the variant described by Wiggers is rarely

encounte[ ed.
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2. Themethodworkedoutmakesit possible to determine directly

the dynamics of the following hemodynamic indices: diastolic and lateral

systolic pressures, rate of propagation of the pulse wave as an index of
tone of the great vessels and the rhythm of cardiac contractions.

On the basis of the data obtained the derivatives of the following

hemodynamic indices may be calculated: stroke volume, minute volume,

and peripheral resistance.
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A. F. Panin

THE BLOOD AND SPINAL FLUID SUGAR, LACTIC ACID, AND

INORGANIC PHOSPHORUS IN DOGS WITH HYPEROXEMIC AND

HYPOXEMIC CONVULSIONS

(Soderzhanie sakhara, molochnoi kisloty i neorganicheskogo fosfora

v krovi i spinnomozgovoi zhidkosti u sobak pri gipero-i

gipoksemicheskikh sudorogakh)

Under certain conditions both hyperoxemia and hypoxemia may cause

death, usually preceded by convulsions.

Publications of M. P. Brestkin's laboratory show that hyperoxemic and

hypoxemic convulsions are associated with serious physiological disorders

in a number of body organs and systems (Zhironkin, 1940, 1956;

Zagryadskii, 1954; Gramenitskii, Sulimo-Samuillo and Tripolov, 1955;

Voino- Yasenetskii, 1958; and others), and that there are a number of

common mechanisms causing the convulsive seizures induced by reduced

and increased oxygen pressures; specifically, both types of convulsions

have a reflex origin.
In the literature available to us we have not found any thorough

investigations on the comparative evaluation of the biochemical indices of

the blood and spinal fluid in dogs during hyperoxemic and hypoxemic
convulsions.

We therefore decided to study the nature of metabolic processes in

hyperoxemic and hypoxemic convulsions, and to compare this data with

physiological investigations by the authors mentioned.

Experiments and Methods of Investigation

The experiments were performed on six dogs, three of which were

studied for the effect of increased oxygen pressures, and three for reduced

pressures. In this way, we avoided superimposing one effect upon the

other.

The convulsions were studied in increased and reduced atmospheric

pressure chambers.

The hyperoxemic convulsions occurred at an oxygen pressure of 3--4atm;

the hypoxemic convulsions, at altitudes from 10,000 to 15,000 m, which

correspond to pressures of 90-- 198 mm Hg.

To avoid the effect of sharp pressure drops which cause serious

disorders in a number of organs (gastrointestinal tract and other cavities)

the animals were raised and lowered in two stages: in the case of study
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of hyperoxernic convulsions the dogs were first under a pressure of 2.5 atrn;

in the study of hypoxernic convulsions they were raised to an altitude of

8,000 rn. The preliminary hypoxernic and hyperoxernic states were always

created for one hour, after which the animals were slowly raised or

lowered to the height or depth mentioned above until clearly expressed

signs of a convulsive state appeared.

Fasting dogs were always used in the experiment. In the control and

main experiments, the blood was taken from the cervical vein, and spinal

fluid from the suboccipital space. In the main experiments blood and

spinal fluid were always taken 2--3 rnin after the animals had been removed

from the chamber, while they were still in a convulsive state.

In the blood and spinal fluid a study was made of the following constituents_

sugar (by the Hagedorn- Jensen method), lactic acid (by the Friedman,

Cotonio, and Schaeffer method) and inorganic phosphorus (by the Fiske-

Subbarow method). During the experiments the general behavior of the

animals was observed: the times of occurrence of dyspnea, coordination

disorders, convulsions, etc., were noted.

Results of the Investigation

The results of analyses of the blood and spinal fluid in dogs with

hyperoxernic and hypoxernic convulsions are shown in Tables 1 and 2.

TABLE 1

The effect of hyperoxemic convulsions on the sugar, lactic acid, and inorganic phosphorus contents

of the blood and spinal fluid of three dogs (average data of 12 experiments)

Dog

UgoV

Votchok

Chemysh

Time of taking blood

and spinal fluid

Before convulsions

During convulsions

Before convulsions

During convulsions

Before convulsions

During convulsions

Sugar

(in rag)

I00

188

74

172

97

196

Blood

Lactic acid Phosphorus

(in %) (in mg)

18 2.8

165.2 6.4

9.4 4.6

157.9 8.7

13.4 2.9

93.3 9.5

Spinal fluid

Sugar Lactic acid ?hosphorus

(inmg) (in%) (inmg)

70 14.6 1.4

100 30.2 ].1

74 16.4 1.8

9O 36.9 2.7

68 13.8 1.4

143 28.4 2.1

From the tables it is evident that all the blood and spinal fluid indices

which we studied in dogs during hyperoxemic and hypoxernic convulsions

underwent distinct changes.

The sugar of the blood and spinal fluid in dogs with hyperoxernic con-

vulsions was markedly elevated. It increased 90--150% in the blood and

80--120 % in the spinal fluid. In hypoxernic convulsions the increase in

sugar "was noted only in the blood, and was smaller (by 10--50%); in the

spinal fluid its content remained unchanged or even decreased somewhat.
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TABLE 2

The effectof hypoxemic convulsionson the sugar, lacticacid,and inorganicphosphoruscontentsof

the blood and spinalfluidofthreedogs(aveFage data of 12 experiments)

Dog

Dmzhok

Yolk

Zhuchok

Time of taking blood

and spinal fluid

Beforeconvulsions

During convulsions

Before convulsions

During convulsions

Before convulsions

During convulsions

Blood

Lactic
Sugar acid Phosphorus

(in mg) (in %) (in mg)

96 11.7 3.9

18"/ 99.9 1.4

78 9.6 4.6

163 67.6 3.1

81 13,6 4.1

149 48.4 3.1

Spinal fluid

Lactic
Sugar acid Phosphorus

(in mg) (in %) (in mg)

72 15.8 1.6

23 59.4 0.9

68 18.0 1.8

50 58.0 1.8

70 16.7 1.7

61 50.1 1.4

It was then determined that the quantity of lactic acid in the blood

during hyperoxemic convulsions also increased considerably; sometimes

this increase was 1,000--1,500%. In the spinal fluid the lactic acid also

increased but to a lesser degree (i00--300%). In hypoxemic

convulsions an increase is also noted in the blood lactic acid by 800-- 1,000%;

in the spinal fluid the increase is approximately the same as in hyperoxemic

convulsions.

Finally, the quantity of inorganic phosphorus in the plasma and spinal

fluid in hyperoxemic convulsions was found to increase distinctly; on the

average, the phosphate content increased two to three times in plasma and

1.5--2 times in spinal fluid. In hypoxemic convulsions the content of

inorganic phosphorus in the plasma and spinal fluid remained unchanged or

even decreased somewhat. Apparently, this difference in the phosphate

content of the blood may be explained by the characteristics of the acid-

base balance during these opposite effects.

From a cca-nparison of the results of observations of the behavior of

animals under increased and reduced oxygen pressures it is evident that

the nature of the body's reaction to these opposite effects has many

features in common, on the one hand and, on the other, shows great

differences.

Of the general signs characterizing the hyperoxemic and hypoxemic

convulsions mention should be made of the following: I) rigidity of the

cervical muscles; 2) salivation; 3) coordination disorders; 4) involuntary

urination and defecation; 5) the appearance initially of local spasms

(muscles of the head, neck and limbs) and then of generalized convulsions;

6) a respiratory disorder, and in both cases fast superficial respiration

occurs before and during the convulsions.

The difference in the body's reactions to increased and reduced oxygen

pressure is expressed in the following characteristics.

Firstly, the duration of the convulsive seizures after the discontinuance

of the effect of the gas medium varies. In hyperoxemia, as a rule, they
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last longer; sometimes, the oxygen- induced convulsions go on for several

hours. Hypoxemic convulsions stop 5--6 min after the effect of the altered

gas medium has been removed.

Secondly, an essential difference is noted in the conditions of the

animalLs which have suffered from hyperoxemic and hypoxemic convulsions.

When 1:heanimals which had suffered hypoxemic convulsions are brought

down from altitude they recuperate and following the convulsions they

eagerly take food. In the case of hyperoxemic convulsions, on the other

hand, a number of serious sequelae usually remain. The coordination

disorder was observed in these animals for a long time (sometimes more

than a day); frequently the animals were indifferent to their surroundings

and, finally, dogs which had had hyperoxemic convulsions did not eat for

a long time.

Thirdly, there is an essential difference between the degrees of

expression of the actual convulsions. Hypoxemic convulsions usually are
mild; movements of the muscles of the extremities and of other parts of

the body usually are localized. In the case of oxygen- induced convulsions,

on the other hand, the strength of muscular contraction is great.

Fourthly, an essential difference is noted in respiratory rhythm in the

preconvulsive state: in hypoxemia the rhythm of the respiratory movements

is com_iderably increased; in hyperoxemia, conversely, it is reduced.

Fif_:hly,rigor mortis sets in very quickly in a dog which has died of

hyperoxemic convulsions; in hypoxemic convulsions, on the other hand,

the muscles remain soft for a long time.

Discussion of Results

When the metabolic findings and the characteristics of the convulsions

in dogs with hypoxemia and hyperoxemia are compared, the following

generalizations may be made.

Our data shows that hyperoxemic and hypoxemic convulsiotls in dogs

are accompanied by a marked increase in the lactic acid of the blood and

spinal fluid. This indicates the development of a considerable oxygen debt

in both cases. In hypoxemic convulsions, this is caused by reduced

oxygen tension in the body tissues because of the marked reduction of the

partial oxygen pressure in the inhaled air. In hyperoxemic convulsions

the oxygen debt develops, conversely, under conditions of an abundance

of oxygen in the body tissues, which results in the depression of activity

of enzyme systems providing for oxidation- reduction processes. This is

also evidenced by the studies of A. F. Panin (1953, 1960), L.I. Grachev

(1954), Z.S. Gershenovich and A. A. Krichevskaya (1960), and others, who

showed that increased oxygen pressure leads to a distinct reduction of

protein, carbohydrates and gas metabolism as well as to an inhibition of

oxidation- reduction reactions and the synthetic activity of cerebral,

muscular, hepatic and other tissues.

Therefore, the investigations of the above authors and our own data

on the lactic acid content of the blood and spinal fluid give us the basis

for the belief that increased oxygen pressure causes serious disorders in

the utilization of oxygen by the body tissues.
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In addition, there is an essential difference between the values of these

metabolic indices in hyperoxemic and hypoxemic convulsions: their level

was considerably greater during the breathing of oxygen under increased

pressure. We explain this difference by the strength of the excitatory

process of the central nervous system, the duration of convulsive seizures,

and, finally, by the strength of the muscle contractions. However, we do

not yet know the details of the mechanism of the central nervous system

disorder during these opposite effects. These problems should be solved,

as they are undoubtedly important both theoretically and practically.

Summing up the above material, we consider it possible to conclude that

underlying the effect of increased and reduced oxygen pressure under

certain conditions are general mechanisms of a disorder of central

nervous system activity. The hyperoxemic and hypoxemic convulsions

are characterized by a considerable increase in the blood lactic acid

content; in the former case this increase is brought about by interference

with tissue oxygen utilization; in the latter, by reduction of the oxygen

tension in the tissues.

Conclusions

I. There are a number of features in common in the development of

hyperoxemic and hypoxemic convulsions in animals and simultaneously

there are essential differences.

2. Hyperoxernic and hypoxemic convulsions cause a considerable

increase in the blood lactic acid content of dogs. In the former case the

increase is caused by an interference with the oxygen utilization by the

tissues; in the latter case, by a reduction of the oxygen tension in the

tissues.

3. The blood sugar content of dogs with hyperoxemic and hypoxemic

convulsions is markedly increased.

4. The blood inorganic phosphorus in dogs with hyperoxemic convulsions

is distinctly elevated; in hypoxemic convulsions, the phosphorus level

remains unchanged or is somewhat reduced.

Bibliography

Gershenovich, Z.M. andA. A. Krichevskaya.- Biokhimiya,

Vol. 25, No. 5. 1960.

Gr achev, L.A. Vliyanie povyshennogo davleniya kisloroda na okislitel'-

nye protsessy i vitarninnyi obmen zhivotnogo i chelovecheskogo

organizma (The Effect of Increased Oxygen Pressure on Oxidation

Processes and Vitamin Metabolism in the Animal and Human

Organism). Thesis.--VMOLA. Leningrad. 1954.

Gramenitskii, P.M., Z.K. Sulimo- Samuillo, andA. G.

Tripolov. -- In: Funktsiiorganizma vusloviyakh izmenennoi

gazovoi sredy, No. I. Moskva-Leningrad, :zdatel'stvo

AN SSSR. 1955.

168



P anin, A.F. Vliyanie povyshennogo davleniya kisloroda na obmen

veshchestv u cheloveka i zhivotnykh (The Effect of Increased

Oxygen Pressure on Metabolism in Man and Animals).

Thesis. -- VMOLA, Leningrad. 1953.

P a nin, A.F. Vliyanie povyshennogo davleniya kisloroda na obmen

veshchestv u cheloveka i zhivotnykh (The Effect of Increased

Oxygen Pressure on Metabolism in Man and Animals). Thesis. --

VMOLA, Leningrad. 1960.

Voino- Yasenetskii, A.V. Otrazhenie evolyutsionnykh zakono-

mernostei v epileptiformnoi reaktsii zhivotnykh na deistvie

x_ysokogo partsial'nogo davleniya kisloroda (Representation of

Evolutionary Regularities in the Epileptiform Reaction of Animals

to the Effect of a High Partial Oxygen Pressure). -- Moskva-

Leningrad, Izdatel'stvo AN SSSR. 1956.

Zagryadskii, V.P. Kvoprosu oproiskhozhdenii giperoksemicheskikh
i gipoksemicheskikh sudorog (The Problem of the Origin of

Hyperoxemic and Hypoxemic Convulsions). Thesis. --VMOLA,
Moskva. 1954.

Zhironkin, A.G. K voprosu o deistvii powjshennogo davleniya kisloroda

na organizm (The Problem of the Effect of Increased Oxygen

Pressure on the Body). Thesis. -- VMA, Leningrad. 1940.

Z h i r o n k i n, A.G. K analizu deistviya povyshennogo davleniya

kisloroda na organizm (Analysis of the Effect of Increased Oxygen

Pressure on the Body). Thesis. -- VMOLA, Moskva. 1956.

169



• i

V. N. Zvorykin

THE TYPOLOGY OF HIGHER NERVOUS ACTIVITY CHARACTERISTICS

IN DOGS UNDER BAROMETRIC PRESSURE CHANGES

(Tipologicheskie osobennosti vysshei nervnoi deyatel'nosti sobak pri

izmenenii barometricheskogo davleniya)

The differences in the behavior and mental activity of individuals under

conditions of reduced air pressure in mountain climbing, airplane flights

or pressure- chamber tests were noted long ago by many investigators.

In studying changes in the physiological functions during anoxia in animal

experiments, physiologists also noted different variants of behavioral

reactions in animals of the same species. However, the physiological

mechanisms of these differences in behavior and mental activity continue

to be unclear, partly because little use has been made of I. P. Parlor's

teaching of the typology of higher nervous activity (Parlor, 1927, 1928,

1935), and because the nature of high- altitude reactions has not been

compared with an objective characterization of the basic properties of the

nervous processes in the cerebral cortex -- strength, equilibrium, and

mobility of excitation and inhibition -- or with the functional limit of
cortical cells.

On this basis we decided to study the effect of rarified air and anoxia

on higher nervous activity (Zvorykin, 1951, 1953), and to determine the

characteristics of these changes in dogs with different types of nervous

activity.

Method

The investigation was made on dogs by the method of conditioned

salivary reflexes to food with the use of stereotype of positive conditioned

stimuli and differentiation. Of the nine dogs prepared for the experiments,

four differed greatly in their higher nervous activity types, which were
determined by a somewhat modified "low standard" method. In addition

to obtaining data from the elaboration of conditioned reflexes, tests were

performed involving starvation, caffeine, bromine, the effect of a very

powerful stimulus, extension of the positive conditioned reflex, prolonga-

tion of the action of the differentiating stimulus, change in the biological

significances of the positive and inhibitory conditioned stimuli, and a

check on the dynamic stereotype with an "indicator" stimulus.

The experiments were performed in a pressure chamber with rarefaction

of the air, corresponding to altitudes from 1,000--8,000 m above sea level.
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Experimental Data

A test of the nervous system type showed that in the dog Bars the

excitatory' and inhibitory processes of the cerebral cortex were strong,

balanced, and mobile (I. P. Parlor's lively type}. The nervous processes

in the cerebral cortex of the dog Ryzhii were not so strong as in Bars,

and were inert, particularly with respect to inhibition (the weak variant of

the quiet type, according to I. P. Parlor). In the dog Belyi a marked

predominance of a strong excitatory process over weak inhibition was

demonstrated in the cerebral cortex, and it was therefore designated as

the strong, balanced type {unrestrained, according to I. P. Parlor). The

higher nervous activity type of the dog Bembi could be characterized as

a weak variant of the unbalanced type (with a predominance of the excitatory

over the inhibitory process).

Along with general changes in higher nervous activity in the experimental

dogs during rarefaction of the air and anoxia which we have described

previously' (Zvorykin, 1951, 1953), some essential characteristics and

differences between the reactions of the individual dogs were also

demonstrated.

TABLE i

Gonditionec reflexes(salivationindropsfor20 sec)in dogs at normal atmosphericpressure(numerator)

and at an altitudeof 6,000 m (denominator)

Conditioned st/mulus* Bars Belyi Ryzhii Bembi

Bell .............

Light ............

M120 .............

M60 ..............

Bell ..............

Light .............

M120 ............

Total for the experiment . .

9/7

510

8/5

1/4

8/5

4/3

6/3

11110

816

9/2

4/5

1217

615

8/5

8/0

5/z

6/1

0/1

7/0

4/o

5/0

41127

610

2/0

410

1/0

58140 3513

3/0

2/0

216

20/6

" M120 and M60 represent metronomes operating at 120 and 60 beats/rain.

Thus, it was found first of all that the stage of excitation characteristic

of the action of low altitudes and of the initial period of anoxia, was

different in degree and frequency in different dogs. It was observed

frequently, was distinct, and accompanied by increased motor activity in

the dogs Bars and Belyi and was expressed extremely rarely and slightly

in the dogs Ryzhii and Bembi. In these latter annoxia always began with

the inhibitory stage, usually characteristic of the later period of anoxia

and of high altitudes. In the dogs Ryzhii and Bembi inhibition of

conditioned reflexes and adynamia were observed even at low altitudes

(1,000--4,000 m), whereas in the dogs Bars and Belyi inhibition developed
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onlyat altitudesof 7,000--8,000m. Thedegreeof inhibitionof thepositive
conditionedreflexesin thedogswasalsodifferent. Reductionof the
magnitudesof theconditionedreflexesandprolongationof the latentperiod
wereleastin thedogsBars and Belyi and greatest in the dogs Ryzhii and

Bembi (see Table 1).

Considerable differences were also found in the effect of rarefaction of

the air in the chamber on conditioned inhibition. Thus, in the dogs Bars

and Ryzhii disinhibition of differentiation at altitude was rarely observed;

sometimes, differentiation even became greater, while extinction of the

conditioned reflexes occurred more quickly because of lack of reinforcement

than at normal atmospheric pressure. In the dogs Bembi and Belyi

disinhibition occurred very often, not only during the stage of excitation but

also in the inhibitory stage. A deepening of differentiation at an altitude in

the dog l_yzhii very often gave rise to prolonged after- inhibition, which

sometimes lasted more than 15--20 rain. In Bembi the after- inhibition

developed less often; in the dogs Bars and Belyi it was not seen.

Phasic states {hypnotic phases) in the cerebral cortex, which represent

one of the characteristic changes in higher nervous activity at altitudes,

were also expressed differently in different dogs. In the dog l:tyzhii

anesthetic and inhibitory phases occurred most often; in Belyi, most

common were an equalizing phase on a high level and an ultraparadoxical

phase; in Bembi, all the phasic states occurred equally often, even at low

altitudes (I,000--4,000 m). They occurred least often in the dog Bars. It

is interesting that in Belyi the equalizing phase occurred with a high level

of conditioned reflexes, which was evidence of an increase in excitability

of the cerebral cortex; in the dogs Bembi and l_yzhii it always occurred at

a low level, evidencing development of inhibition {Table 2).

T ABLE 9

Equalizing phase in the function of the cerebral cortex in the dogs Beiyi and Bembi

under normal atmospheric pressure (numerator) and with rarefaction of the air (denominator)

Conditioned stimulus

Bell ......................

Light ......................

M120 ......................

M60 ......................

Bell ......................

Light ......................

M120 ......................

Conditioned salivary reflex

(drops in 20 see)

Belyi

9/9

2/9

9/9

3/o

s/5

7/o

4/11

Bembi

4/a

2/3

7/'4

5/0

5/2

4/3

The dynamic stereotype changed in different ways at altitude {Table 3).
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TABLE 3

Check on the dynamic stereotype of dogs Bembi and Belyi at normal atmospheric pressure

and at an akitude of 4,000 m

Conditioned salivary reflex

(drops in 20 sec)

Indicator stimulus

Light instead of bell ............

Light ....................

Light instead of M120 ............

Light instead of M60 ............

Light instead of bell ............

Light ......................

Light instead of M120 ...........

Bembi

Normal
Altitude

atmospheric
4,000 m

pressure

4 3

0 4

4 2

2 1

Belyi

Normal
Altitude

atmospheric
4,000m

pressure

8 5

5 4

4 8

6 5

6 6

9 3

3 8

Thu% in the dog Bembi under normal atmospheric pressure conditions

the dynamic stereotype was distinct. At altitude the dynamic stereotype,

which could be checked by the subsequent use of a weak stimulus, changed

in the manner of the equalizing and paradoxical phases. The conditioned-

reflex reaction to a light stimulus, applied at the place where the bell or

MI2 0 was usually administered, was found to have an equal or decreased

effect than when used in its own place. In the dog Belyi at normal atmos-

pheric pressure it was practically impossible to detect the formation of a

dynamic stereotype. When the system of stimuli was replaced by one

stimulus used after a lag, the conditioned reflexes to its effect were

modified in a most unexpected way. At altitude this dog showed a distinct

dynamic-, stereotype.

TABLE 4

Adaptation of dogs during repeated ascents in a pressure chamber

Name ot

dog

Bats

Ryzhii

Magnitude of conditioned

salivary reflex during the

experiment performed at

normal pressure (average

for lO days)

41.7

36.2

Conditioned salivary reflex during the experiment performed at

an altitude of 6,000 m

First Second Third Fourth

ascent ascent ascent ascent

27 18 21 54

3 13 16 26

FIRh Sixth

ascent ascent

37 44

39 42
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Recovery of the conditioned reflexes occurred differently after descent.

They were regained soonest and most completely in the dog Bars: recovery

began even during the descent, and the conditioned reflexes sometimes

returned to normal as soon as normal atmospheric pressure was restored

to the chamber. The conditioned reflexes of the dog Belyi were regained

somewhat more slowly than in the dog Bars. Only differentiation remained

disinhibited, usually for a long time after descent. In the dog l_yzhii the

recovery of the positive conditioned reflexes occurred very slowly, and

sometimes it was impossible to reproduce them during the experiment.

Differentiation continued to be absolute. Frequently, the conditioned

reflexes in Bembi could not be brought back for several days.

The effect of the differential stimulus sometimes caused a marked

deterioration in the conditions of the dogs Belyi and Bembi under consider-

able rarefaction of the air. There was an increase in dyspnea, and motor

defence reactions were expressed; in two experiments clonic convulsions,

opisthotonos and respiratory arrest occurred in the dog Bembi immediately

after the action of M60 at altitudes of 7,000 and 8,000 m.

It was very important to check how high- altitude adaptation occurs in

dogs with different types of nervous activity. For this the dogs Bars and

Ryzhii were elevated to altitudes of 6,000 m daily for 6 days. The experi-

ments showed that by the 5th--6th day the changes in their conditioned

reflexes became minimal, and were practically the same in magnitude as

at normal atmospheric pressure (Table 4).

Discussion of Experimental Data

The data presented shows that there is a definite relationship between

the nature and degree of changes in higher nervous activity in dogs under

rarefaction of the air, on the one hand, and the basic characteristics of

their nervous processes, on the other. Higher nervous activity changes

were least in the dog with the highest functional limit of the cerebral

cortex (Bars) and greatest in the dog with the lowest functional limit (Bembi).

Of the two other dogs changes in higher activity were less in the one in

which the functional limit of cortical cells was greater (Belyi).

The phase of excitation with rarefaction of the air is observed chiefly in

animals with quite a strong excitatory process (Bars and Belyi). The early

and profound depression of the conditioned reflexes and the lesser degree

of expression of the excitatory phase in dogs with an insufficiently strong

inhibitory process (Ryzhii and Bembi) is evidently caused by early develop-

ment of inhibition, even with slight degrees of rarefaction of the air.

The nature of the higher nervous activity changes in dogs with rarefaction

of the air also depends on the strength of the inhibitory process in the
cerebral cortex. Proof of this is that with rarefaction of the air the reaction

to the differential stimulus does not change in dogs with strong inhibition

and absolute differentiation (Bars and Ryzhii), whereas dogs with a weak

inhibitory process (Belyi and Bembi) show early disinhibition of differentiation.

The mobility of the nervous processes in the cerebral cortex plays a

great part in the reaction of dogs to the effect of rarefied air. Good mobility

of the nervous processes (Bars) remains practically unchanged with rare-

faction of the air. If the mobility of both nervous processes was slight or
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if one was inert, this inertness was made even greater with rarefaction

of the air. As a result, a very prolonged after- inhibition of positive

reflexes was observed after the use of differentiation at altitude in the

dog l_yzhii, whose inhibition was characteristically inert. In the dog

Belyi, with rarefaction of the air there was even a greater increase in the

characteristic inertness of its excitatory process, which gave rise to

disinhibition of differentiation after the use of positive conditioned stimuli.

Changes in the dynamic stereotype also depended on the type of nervous

system. It was impaired in the same manner as in hypnotic phases in

dogs with insufficiently strong excitatory or inhibitory processes and did not

change in the dog Bars. In the dog Belyi, reduced mobility of the nervous

processes under the influence of rarefied air facilitated retention of the

dynamic stereotype, because traces of excitation or inhibition evidently

were maintained for a longer time and in a more stable form than usual

in the cerebral cortex under these conditions.

The experiments showed that different frequencies and different natures

of phasic states in the function of the cerebral cortex in both dogs also

depend on the strength, equilibrium and mobility of the nervous processes
and the functional limits of cerebral cortical cells with rarefaction of the

air. In the dog with the highest functional limit (Bars) phasic states were

observed least often; in the animal with the lowest functional limit (Bembi)

they were observed most often and even at low altitudes. The early

appear_mce of the inhibitory phase was observed in dogs with a lower

cerebral cortical functional limit (Bembi). The ultraparadoxical phase

was manifested only in the dog with the weakest inhibitory process (Belyi),

which evidently facilitated positive induction from areas of the cerebral

cortex which had gone into a state of transmarginal inhibition. The anes-

thetic phase was observed most often in the dog Ryzhii whose conditioned
reflex to a weak stimuhis (light) had been elaborated for a long time and

with difficulty. This reflex was also the first and most deeply inhibited

under the influence of rarefied air.

The rate and nature of recovery of conditioned reflexes after the descent

also depend on the type of nervous activity. The experiments showed that

with strong, balanced and mobile nerve processes and a high cerebral

cortical functional limit (Bars) the conditioned reflexes are regained most

completely and most quickly; they are recovered least completely and most

slowly in dogs with a lower cerebral cortical functional limit (Bembi, Ryzhii).

The experimental data on the influence of the inhibitory stimulus on the

nature of high- altitude reactions of the dogs Belyi and Bembi suggest that

the conditioned stimuli acting on the animals with rarefaction of the air,

can, under certain conditions, also affect their resistance to altitudes.

Thereby, the effect of inhibitory conditioned stimuli on the animals with a

weak inhibitory process can, evidently, have an unfavorable influence in

some cases. However, daily ascents of the dogs Bars and Ryzhii to an

altitude of 6,000 m showed that the unfavorable effect of rarefied air may be

reduced as a result of high- altitude adaptation not only in a dog with strong,

balanced and mobile nervous processes but also in an animal with weaker

and more inert inhibition.

The data which we have presented was subsequently confirmed by a

number of authors and by us with the aid of the method of conditioned

salivary- defense reflexes to acid in experiments on animals (Sulimo-

Samuillo, 1955; Zvorykin, Bobrovnitskii et al., 1956) and in investigations
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onhumanbeings(Mil'shtein, 1953),whichalsoshowedsometypological
andindividualcharacteristicchangesin conditionedreflexesat different
altitudes. A comparison of the results of all these papers shows, however,

that despite the regular changes at high altitudes common to all reflexes

studied there are also, as pointed out by M. P. Brestkin (1956, 1958)

specific features characteristic of each type of reflex. Thus, the nature

and degree of changes in different conditioned reflexes depend primarily

on the biological significance of various conditioned- reflex reactions,

characteristic, for example, of alimentary reactions, defense, secretory,

motor reactions, and others, as well as natural and artificial reactions.

As a rule, conditioned reflexes of direct significance for preservation of

life under the given conditions (motor defense, respiratory, cardiovascular,

and particularly natural reflexes) are impaired later and less intensely and,

conversely, are regained earlier and more completely. It may be supposed

that this is brought about not so much by different strengths of the

corresponding temporal connections in the Cerebral cortex, as by charac-

teristics of reactions providing for preservation of life under threatening

circumstances, which have been reinforced by evolution Thus, unlike the

other reflexes which may be studied separately, conditioned alimentary

reflexes, which at high altitudes usually are impaired early and recovered

late cannot reflect the entire variety of high- altitude changes in higher

nervous activity, even though they can reflect general functional changes

in higher nervous system centers. Therefore, for a more complete and

accurate characterization of the typological nature of high- altitude

reactions it is essential, first of all, to consider the specific property of

various conditioned reflexes; secondly, to determine the type of nervous

system, making use of the same method as is utilized in the study of

higher nervous activity at an altitude, and, thirdly, to study heterogeneous
conditioned reflexes on the same animals.

Conclusions

1. The nature and degree of changes in higher nervous activity of dogs

under the influence of rarefied air and anoxia depend, among other factors,

on the type of nervous activity of the animals. This fact explains a number
of behavioral differences under these conditions, and may be considered

in understanding some characteristics of the reactions of different persons

under the influence of altered barometric pressure.

2. Under these conditions, conditioned reflexes change least and are

most completely and rapidly recovered in dogs with strong, balanced and

mobile nervous processes in the cerebral cortex and with a high functional

limit of the cerebral cortical cells. In dogs with a low cerebral cortical

functional limit the conditioned reflexes change most and are least

completely and least rapidly recovered.

3. In animals with a weak inhibitory process or with inert nervous

processes a predominant and even greater weakening of the inhibitory

process or of mobility of excitation and inhibition occurs.

4. In the case of high- altitude adaptation a reduction in the disorders

of higher nervous activity may occur and there may be an improvement in

the recovery of conditioned reflexes in animals with different types of

nervous activity.
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B.A. VinokurovandZanDokMen

THEEFFECTONHIGHERNERVOUSACTIVITYOFDOGSOFACUTE
HYPOXEMIAPRODUCEDBY RAREFACTIONOFTHEATMOSPHERE

TOANALTITUDEOF18,000METERS

(Vliyanieostroi gipoksemii,vyzvannoirazrezheniematmosferydo
vysoty18,000m, navysshuyunervnuyudeyatel'nost'sobak)

Moststudiesof highernervousactivityof animalsduringhypoxemia
havemadeuseof theclassicconditionedsalivaryreflexes. Thisapplies
to anumberof studiesmadebyco-workersof M.P.Brestkin, in whose
laboratorythisproblemwasworkedoutsystematically(Livshits, 1949;
Zvorykin, 1951,1953;Sulimo-Sarnuillo,1955;Airapet'yantsand
Gazenko,1947)andto worksof otherauthors(Malme3acandPlane, 1952,
1954;Akhmedov,1954).All theseinvestigationsshowedthatunderthe
influenceof anoxygendeficiency,deep-seated,earlyandprolonged
disordersof conditionedsalivaryreflexes occurred. Hence, it would

appear that under these conditions there are corresponding disorders of

higher nervous activity as a whole. However, during the course of the

subsequent work done by M. P. Brestkin and co- workers, facts began to

accumulate attesting to different stabilities of the various conditioned

reflexes, worked out on the basis of different unconditioned stimuli with

respect to unusual external influences and the discrepancy between changes

of a number of conditioned reflexes and the behavior of dogs. As has been

determined, conditioned salivary- defense reflexes to acid under unusual

influences are, on the whole, more stable than alimentary reflexes. After

the effect of acute oxygen deficiency caused by rarefaction of the atmosphere
to an altitude of 28,000 m, the conditioned motor- defense reactions to the

experimental situation are regained much earlier than the conditioned

natural and alimentary reflexes (Vinokurov, 1958). In these experiments

it was found that the high- altitude experimental situation alone, with

repetition causes a marked inhibition of natural alimentary conditioned-
reflexes.

In the work by B.M. Savin and Z.K. Sulimo- Samuillo (1958) it was

determined that after the effect of radical accelerations (8--10 g) on the

body the acid salivary conditioned reflexes are inhibited, whereas the

autonomic component of the reflex is fully maintained.

V. V. Boriskin and V. V. Rassvetaev (1958) found that conditioned

salivary defense reflexes to acid were much more stable in the presence of

seasickness than were conditioned alimentary reflexes,

Generalizing on all this material, M.P. Brestkin (1958) concluded that

extensive evaluation of the condition of higher nervous activity in animals
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was unjustified simply on the basis of changes in conditioned reflexes of

the digestive glands. He advanced the idea that the stability of various

conditJloned reflexes under the influence of unfavorable environmental

factors is determined by their biological significance for the body when
subjected to unusual conditions.

The main aim of the present work was a study of the characteristics of

change in higher nervous activity and behavior of dogs during high- altitude

experiments under conditions where the vital significance of the alimentary

reactions had been increased artificially.

Method

The experiments were performed on four" dogs. Repeated, at intervals

of 3--_: days, the animals were exposed to the effect of rarefaction of the

atmosphere to 56 mm Hg which corresponds to an altitude of 18,000 m.

Ascents to altitude were carried out in a pressure chamber, 0.34 cu. m

in volume, with a glazed door, which provided a good view and allowed

photographs and motion pictures to be taken. The ascent took 12--13 sec;
the animals were left at an altitude of 18,000 m for 90 sec. The condition

of higher nervous activity was evaluated by the behavior of the animals,

which was described in detail and documented by a motion picture.

In accordance with the problem posed, the methods of our experiments
were mainly characterized by the fact that in some cases the animals were

fed during the period of the experiments, as always, in a vivarium located

in a separate building near the laboratory; in others, they received all

their food in the chamber in which the ascents were carried out. This

condition was observed very strictly, and the experimental animals were

not given food anywhere else. In both cases the feeding was conducted

once a day, at 3--4 p.m. The animals were raised to altitude on a fasting

stomach in the morning hours. They were first adapted to the experimental

situation for no less than 10 days. During this period a careful study was

made of the behavioral characteristics of the dogs: the relationship to the

experimentors and laboratory technicians, to other persons and other

animals, reactions to petting, danger, the effect of painful, audio, and

photic stimuli, the presence of certain complex conditioned motor reflexes

(presenting the paw on the experimentor's request, standing on the hind

legs at the command "BegS"), reactions to various food stimuli (bread,

raw and cooked meat, gruel, milk), and others. These reactions were

subsequently checked in the performance of the experiments.

Results of the Experiments

Rarefaction of the atmosphere corresponding to an altitude of 18,000 m

exerted a marked effect on dogs kept under ordinary vivarium conditions

and on dogs fed in the pressure chamber only. Several seconds after

reaching altitude the dogs developed opisthotonos, and generalized

convulsions occurred, accompanied by marked extension of the limbs and

not uncommonly by defecation and urination. The convulsions were
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replaced by a general relaxation of the animal's body; in some dogs

convulsions occurred repeatedly, but in all cases muscle atony developed

at the end of the stay at altitude. The respiration assumed an agonal

nature: separate, deep and slow inspirations occurred with the dog's

mouth opening wide and the cervical musculature contracting, In a number

of cases respiration practically stopped, and for the last 20--30 sec that

the dogs were at altitude not a single inspiration occurred. After the

descent complete relaxation of the musculature of the animals and the

absence of reflexes to all stimuli were noted. Then various convulsive

inspirations occurred; they gradually increased in frequency and assumed

a rhythmical character. Shortly after, the pupils reacted to light,

followed by positive corneal reflex. After this the animals frequently

developed opisthotonos and locomotor movements of the limbs. Subsequently,

respiration assumed its ordinary character; the dogs began to react to

audio and photie stimuli, raised their heads and made attempts to stand on

their paws and move about.

Our observations of higher nervous activity of dogs and of their

behavior refer essentially to this period.

The experiments showed that in animals given ordinary care and fed in the

vivarium, pronounced motor defense reactions to the high- altitude

experimental situation appeared as early as after the first ascent.

Previously, the dogs, adapted to the experimental situation, walked about

independently in the chamber, jumped in it and eagerly took various kinds

of food. The same dog, after the first ascent, attempted to leave the

chamber and the laboratory and showed active resistance when attempts

were made to put it into the chamber, even when motor activity had just

begun to return after very severe hypoxemia.

The conditioned motor- defense reflex which occurred showed itself to

be quite strong from the very beginning. It was maintained when the

behavior of the dog, after descent from altitude, had become completely

normal: on the street the dog behaved absolutely the same way as before

the high- altitude experiment, played, and was affectionate to the

experimentor. However, as soon as it was brought into the laboratory and

put into the chamber, a marked change in behavior occurred: it showed

active resistance, and when attempts were made to put it into the chamber

it even showed aggressive reactions. On subsequent ascents this reaction

became progressively more pronounced and was induced by progressively

more distant conditioned- reflex stimuli. The dog began to show resistance

even when it was brought to the doors of the laboratory and subsequently

began to react negatively to the laboratory technician who had come to the

vivarium to get it.

This data was obtained on two dogs, which were subjected to the effect

of rarefaction under ordinary conditions of care and feeding in the vivarium.

A completely different picture was obtained when the animals were fed

only in the pressure chamber for a long time (I--2 months) before the

ascents. Under these conditions the dogs very quickly developed pronounced

positive reflexes to the chamber, the laboratory, and the laboratory

technician who came to take the animal for a routine feeding.

Thus, the dog Lisa, following a 50- day feeding period in the chamber,

began to react warmly and vigorously to the entrance of the laboratory

technician into the vivarium, and once released from its cage, it ran

headlong into the laboratory building, toward the chamber where the food

had been prepared, jumped into the chamber by itself and began to eat.
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The first ascent to an altitude of 18,000 m under such preliminary

conditions was accompanied by no less troublesome phenomena in these

dogs thma in animals which had been cared for as usual. However, after

the descent their behavior was entirely different. After the high- altitude

experiment, as soon as motor activity had returned to them, these dogs

did not show any signs of defensive reactions to the experimental situation

or the pressure chamber. Conversely, they went toward the chamber in

an attempt to jump into it even when they showed pronounced lack of

coordination of movements and the inability to maintain a normal body
position.

Repetition of the ascents, with the animals still receiving all their food

in the pressure chamber, did not change the situation for practical

purposes. In the dogs Lisa and Kashtan, following nine ascents to an

altitude of 18,000 m, the same definitely positive reflexes were shown to

the high- altitude experimental situation and to all the stimuli preceding it

(entrance of the laboratory technician into the vivarium, the walk to the

laboratory).

During the course of this work a study was made of the behavior of the

same four animals when the experimental conditions were changed. Some

dogs (Ry_,_hik and Chernysh) were first exposed to the effect of a rarefied

atmosphere under ordinary feeding conditions, _ere then shifted over to

feeding in a pressure chamber, and after a 1.5--2 month period again were
repeatedly exposed to the effect of altitude. Others (Lisa, Kashtan)

conversely, initially were fed only in the pressure chamber for 1--1.5

months, and under these conditions were exposed (as many as 10 times} to

the action of rarefaction of the air; then they began to receive their entire

diets in the vivarium, and after at least a month were again exposed to

repeated high- altitude effects. In all cases the same result was obtained:

if the dog was fed in the pressure chamber only, this latter, like all

preliminary stimuli, failed to produce any negative reaction either after

the ascents or in the intervals between them; if feeding of the dog was

conducted in the ordinary way-- in a vivarium -- in every high- altitude

experiment and in the interval between them, the dog showed definite

resistance to all manipulations associated with the experiment.

It goes without saying that with a change in the feeding conditions the

changes of the dogs' behavior did not occur immediately but gradually.

Thus, the animals exposed to high- altitude experiments when fed in the

ordinary way in a vivarium did not take food when they were shifted over

to regular feeding in the chamber but ate only in the street, and then in

the laboratory, but only outside the chamber; finally, after 4--5 days they

did eat inside the chamber. In accordance with this, there was a change

in their reactions to various stimuli accompanying the experiments and

in their behavior. Likewise, the dogs which took food initially only in the

pressure chamber and showed no negative reactions to the situation of the

high- altitude experiments, despite frequent repetitions of them, began to

show a definite negative reation to the entire experimental procedure when

they were shifted over to feeding in a vivarium after only one or two
ascents.

The facts presented are illustrated by the motion-picture frames shown

in the figures.
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FIGURE 1. Motion-picture  f rames showing the  behavior of the dog Ryzhik under ordinary 
teeding and vivarium conditions. First high-al t i tude expe r imen t .  Explanat ion i n  t h e  t e x t .  
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In Figure 1 the behavior of the dog Ryzhik is shown during the f i r s t  
experiment with ascent to an altitude of 18,000 m under ordinary feeding 
and vivarium conditions. Before the experiment, during the walk, the dog 
played with the laboratory technician (Figure 1, a) and went without force  
into the laboratory (Figure 1, b); near  the pressure  chamber it behaved 
quietly, and on the experimenter ' s  request it gave i ts  paw (Figure 1, c )  
and jumped independently into the p re s su re  chamber (Figure 1, d), 

generalized convulsions (Figure 1, e); in the 65th second these stopped, 
and general  atony developed; respiration became periodic and superficial. 
Figure 1,f reflects the condition of the dog 40 sec after descent to the ground. 
Reflexes were absent to all stimuli; the animal 's  body relaxed; respirat ion 
became slow and of the convulsive type, 
af ter  the ascent, w a s  brought out onto the s t reet ,  and marked ataxia w a s  
noted (Figure 1, g - 23 min after descent). In the laboratory, 25 min 
d t e r  descent. the dog showed active resis tance when attempts were made 
to put it into the pressure  chamber, although coordinztion had not yet been 
completely restored. 

After 35 sec  of being at  an altitude of 18,000 m, the dogs developed 

, 

The dog stood on i ts  legs  22 min 

FIGURE 2. T h e  same as Figure 1. Ninth high-altitude experiment  

A s  the resul t  of subsequent ascents  the motor defense reflexes just 
noted in the dog Ryzhik began to be more pronounced. In Figure 2 it is 
shown that in the ninth high- altitude experiment the dog resis ted going 
into the laboratory building (Figure 2, a) and into the p re s su re  chamber 
(Figure 2, b) and refused the food offered near  the pressure  chamber 
(Figure 2, c). 
and f o r  1.5 months Ryzhik was given food i n  a pressure chamber ra ther  
than in a vivarium. 
high- altitude experiment after this change in conditions. 
Ryzhik w a s  affectionate and playful (Figure 3, a), went into the laboratory 

After this  experiment the ascents were temporarily stopped, 

Figure 3 ref lects  the behavior of the dog in the f i r s t  
During the walk 
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independently(Figure3, b), jumpedinto thechamber(Figure3, c) and
eagerlyateits foodsupplements(Figure3, d). Thirteenminutesafterthe
descentfrom analtitudeof 18,000m, thestayat whichwasaccompanied
bytheusualseverephenomenaanddevelopmentof apreagonalstate,
Ryzhik,despitepronouncedataxia,independentlygotuponachair andwent
intothepressurechamber(Figure3, e). After 15rainoutsidethechamber
it presentedits paw(Figure3, f), andafter 17min it eagerlyatemeat
insidethechamber(Figure3, g).

After this experiment,underconditionsof beingfedin thepressure
chamberonly, Ryzhikwasexposedto theactionof rarefactionanotherfive
timesbutdespitethis, didnot loseits positivereflexesto theexperimental
procedureor to thepressurechamber. In Figure4 its behavioris shown
in anexperimentwith thesixthascentto altitudeunderconditionswhereit
wasfedin thechamberonly. As thefigure shows,duringthewalkthedog
wasaffectionateandplayful (Figure4, a), andbehavedasusualin the
laboratorynearthechamber:it offeredits paw(Figure4, b), and,onthe
commandof theexperimenter,it independentlyandimmediatelyjumped
upontothechairandintothepressurechamber(Figure4,c,d,e).Immediately
afterdescentfromaltitudetheanimalwasa_solutelyprostrate(Figure4,f);after
8rainit aroseshakilyonits hindlegs;after10rninit independentlywentintothe
pressurechamber,andafter15rainit atemeateagerlyin thechamber(Figure4,
g).It showednonegativereactionstotheexperimentalsituation,behavingas
usualnearthechamberandofferingitspaw(Figure4,h--18rninafterdescent).

Thenextseriesof motion-pictureframes(Figures5, 6, 7, 8, and9)
applyto thedogLisa, whichduringthefirst periodof theexperimentswas
givenfoodin thechamber;in thesecond,in thevivarium; in thethird,
againin thechamber,

In Fi_,_ure5thebehaviorof thedogLisais shownin thefirst high-
altitudeexperiment,whichwasperformedafter a2-monthfeedingof the
dogin thepressurechamberonly. Beforetheascenttheanimalshowed
definitelypositivereactionsto theexperimentalsituationandto the
pressurechamber. Duringthewalkthedogplayed,satuponits hindlegs
(Figure5, a) andthenhurriedintothe laboratorybuilding(Figure5, b),
offeredits pawbeforethechamber(Figure5, c), satuponits hindlegs
andreactedto thefood(Figure5, d), jumpedinto thechamberby itself
(Figure5, e,f) andeagerlyateordinaryfoodthere (Figure5, g), andthen,
whilein its harness,behavedabsolutelyquietly(Figure5, h).

After 8rain at altitude,convulsionsappeared(Figure5, i), andthen
completeatonyoccurredandrespirationstopped.Immediatelyafter
descent(Figure5, j) thedoghunglifelesslyby its harness. Fiverain
later it cameto, andstoodonall four legs. Sixrainafter, theharness
wasremovedandafterit hadbeenplacedonthefloor nearthechamberit
showedpronouncedataxia,butneverthelessgotupontothechair andwent
intothechamberby itself (Figure5, i, m); in the8thminuteit drankmilk
in thechamber(Figure5, n), offeredits pawto theexperimenter
(Figure5, o)andthenbehavedasusualnearthecha_nberwithoutshowing
anydefensivereactions(Figure5, p).

Thedogshowedthesamebehaviorin thenexteighthigh-altitude
experimentswhichtookplaceunderthesameconditions,i.e., withfeeding
of thedogin thechamberonly. In Figure6, motionpicture-framesare
shownpertainingto the last, ninthexperimentin this stageof the
investigation.
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FIGUKE 4. The same as for Figure 3 .  Slxth hlgh-altitude experiment.  Explanation In  the tex t .  



FIGURE 5. 
f eed ing  i n  a p r r s s u r e  chamber .  

Morion-picture  frames ref lect ing t h r  bthavior  of t h e  dog Lisa 2 months a t t r r  regular 
First high-al t i tude esperlment .  Euplanariun i n  the t e x t .  
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FIGCI IC 5 .  (C oiit  1 nu a t  ion ) 
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FIGURE 6. The same as for Flgurc I .  Ninth high-al t i tude experiments .  Explanation i n  the text. 
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Before the experiment the dog w a s  playful and frisky (Figure 6, a, b), 
ran  to the laboratory (Figure 6, c). toward the chamber, and found its 
door half open, whereupon it opened it fully and crawled into the chamber 
(Figure 6, d, e). 
prostrate ,  had respiratory arrest and showed no reactions to external 
stimuli (Figure 6, f ) .  In the 6th minute, stumbling and falling, i t  crawled 
onto the stool and into the chamber (Figure 6, g); in the 9th minute it 
drank milk there  (Figure 6, h) and subsequently remained quietly in the 
chamber (Figure 6,  i). 

After this, the experiments with ascents  were stopped; the dog began 
to be fed in the vivarium as usual, and after a month it w a s  again used in 
the experiment. 
ascent remained as previously (Figure 7 ,  a, b, c, d); however, after it, as 
ear ly  as in the 6th minute, after having just returned to consciousness, 
the animal showed motor defense reactions (Figure 7, e, f ,  g). 

Immediately after the descent it w a s  completely 

A s  is shown in Figure 7,  the dog’s behavior before the 

FIGURE 8. The  same as for Figure I. Fourth high-altitude expe r imen t s  
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A s  the result  of the next two ascents under conditions of constant 
feeding in the vivarium, the dog’s reactions were increased and reinforced. 
In the fourth experiment (Figure 8) the dog would not go into the laboratory 
(Figure 8, a), showed resistance when brought close to the chamber 
(Figure 8, b, c) ,  attempted to run away from it (Figure 8, d), and refused 
meat and milk in the chamber (Figure 8, e) .  
ments on the dog Lisa were again stopped for  a month, during which time 
the dog again began to be fed only in the chamber. 
to the experimental situation and to the chamber were very quickly 
replaced by positive reactions, and thesci lattcr remained., dczpitc j t - v e i i  

ac reCts  tz ~ I i i l u c i e  oi 18,000 m, in  which the animal w a s  brought to an 
agonal state every time. 

Then high- altitude experi- 

The negative reactions 
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The behavior of the dog Lisa in the seventh high- altitude experiment of

this last stage of the investigations is shown in Figure 9. As in the original

expe:riment, the dog played when it was taken for a walk (Figure 9, a), ran

to the ]aboratory (Figure 9, b), and jumped into the chamber (Figure 9, c);

after the ascent it again ran to it as soon as it acquired capacity of

locoraotion which was still far from complete (Figure 9, d), and after

several minutes more it drank milk in the chamber (Figure 9, e).

Therefore, experiments on the dog Lisa showed that repeated change

in feeding conditions resulted every time in change in the animal's

behavior in the experiments and in its reactions to the chamber in which

ascents to altitude were carried out.

Discussion of Results

The experiments performed completely confirmed the idea advanced by

M. P. Brestkin that the stability of conditioned reflexes in the presence of

strong external factors is determined by their biological significance for

the o_gan experiencing unusual effects. This was shown in a very striking

manner in our experiments through the example of natural reflexes to

food. Before the experiments with ascents to altitude all the dogs reacted

in a lively manner to various foodstuffs offered them in the laboratory near

the chamber and inside the chamber, and eagerly ate the food. Natural

alimentary reflexes in this situation were, therefore, present in all the

animals, regardless of where they had been constantly fed. However, as

early as after the first ascent the situation became absolutely different for

dogs :red in the vivarium and those fed in the chamber. In the first case,

as the result of acute hypoxemia, natural alimentary reflexes were lost,

the axfimals refused food not only in the immediate period after the descent

but also subsequently, with complete restoration of functions. Moreover,

in these animals the alimentary reflexes m the given situation were absent

or were markedly inhibited even in the days following the ascent. In the

latter case, in dogs fed regularly in the chamber, the alimentary reflexes

were inhibited under the influence of hypoxemia for only a very short time,

corresponding to the period of severe functional disorders. As early as
several minutes after the dog, taken out of the chamber and returned to

consciousness, had regained its ability to stand and move about, it began,
as previously, to react in a lively manner to food stimuli and ate the food

supplements. Under the influence of the experimental situation no changes

were observed in the natural alimentary reflexes in these animals on

subsequent days. These differences in reflexes which are essentially the

same were undoubtedly connected with theic different biological significance

under the given conditions for dogs feeding in the vivarium and for dogs

feeding in the chamber. For the former, alimentary reflexes in the given

situation were connected, by and large, only with episodic feeding, of no
vital importance to the body; for the latter these reflexes under the same

conditions were associated with the nutrient function, representing one of

the main conditions for life. Undoubtedly, this fact determines the entire

behavior of the dogs, both in the immediate period after acute hypoxemia

and on subsequent days. In animals which had been given food in the

vivarium, as early as the first high- altitude experiment there were
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pronoun.,'ed defensive reactions to the circumstances in which the hypoxemic

factor operated. It is significant that these conditioned- reflex connections

are fornled during the development of the most severe anoxia, when there

was a dc_finite disorder of the general condition of the body and an undoubted

change in the condition of the cerebral cortex. Nevertheless, the conditioned

reflexes formed were very stable and were maintained firmly in the days

followin _ the ascent.

In animals which had been given all their food in the chamber in which

they had been exposed to the effect of hypoxemia, no defense reflexes to

the high- altitude experimental situation developed. On the other hand,

these dogs, even long before complete recovery of the hypoxemic functions

which h_.d been impaired, showed consolidated positive reactions to the

given si:uation based on feeding in the chamber. Again, this is associated

with the prime vital significance of the nutrient function; the reflexes

pertaini2g to it, directed toward its fulfillment, are predominant even under

those urfavorable conditions resulting from ascent to altitude.

It is very interesting that under the influence of acute anoxia, positive

motor r_actions of animals directed toward the food, elaborated by feeding

them in the chamber, were more persistent that the eating process itself.

After dc scent from altitude the dogs first showed a tendency to go toward

the char]ber, although they still refused food offered. A positive reaction

to food usually appeared several minutes after the positive motor reaction

to the sight of the chamber. It is possible that we are dealing here with

the predominant depression of the digestive function under the influence

of hypoxemia. As has been pointed out by M.P. Brestkin (1958), one of the

main principles in the body's reaction to unusual conditions, particularly

to an ox}'gen deficiency, is the mobilization of the inner reserves of the

body: al increase in the activity of those systems which assure compen-

sation o:_ harmful influences, through simultaneous inhibition of the

activity of other systems which have no direct relationship to the compen-

satory reaction.

The digestive apparatus appears precisely as a system in which activity

may be :emporarily depressed to allow for more complete development of

protective reactions, under the influence of a number of unfavorable effects,

particul_rly hypoxemia. Evidently, this is why, after descent from altitude,

there is a discrepancy between the time of appearance in dogs of positive

general motor reactions to the chamber and of positive reactions to food,

directly associated with the actual act of eating. However, the overall

behavior" of the dogs under these circumstances is not determined by these

reactiors of conditioned alimentary reflexes in the narrow sense, but

rather c eep- seated conditioned-reflex connections dealing with the nutrient

process of the body as a whole.

Conditioned- reflex changes in respiration and cardiac activity of the

animals associated with hypoxemia deserve special attention. Conditioned-

reflex dTspnea and tachycardia prior to repeated ascents to altitude occur

not only in dogs fed in the vivarium. On being put in the chamber there

are defiaitely negative reactions to the high-altitude experimental situation;

these re actions remain in animals fed only in the chamber, which have

shown n9 negative reflexes to preparation for the next ascent. Therefore,

very unJ que relationships obtain: on the one hand, hypoxemia cannot

depress the positive general and food reactions elaborated on the basis of
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feeding the dogs in the chamber; on the other hand, these reactions, which

determine the behavior of the animals under the given conditions, do not

exclude the formation of conditioned reflexes directed at the control of the

hypoxemic state.

Conclusions

1. Under ordinary feeding conditions of dogs in a vivarium, their

ascents to an altitude of 18,000 m in a pressure chamber, leading to the

development of marked hypoxemia, are accompanied by the rapid formation

of motor defense conditioned- reflex reactions to the experimental situation,

and complete inhibition of the natural reflexes to food.

2. /_ter 1--2 months of being only in the pressure chamber, the animals

maintained positive reactions to the experimental situation and to food

stimuli, despite subsequent repeated ascents in this chamber to the same

altitude,, accompanied every time by a most severe anoxia.

3. The higher nervous activity characteristics and behavior of dogs

observed are underlain by different degrees of stability of conditioned

reflexes depending on their degree of biological significance in the presence

of unusual environmental factors.
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THEDEV:£LOPMENTOFDINITROPHENOL-INDUCEDHYPERTHERMLA
UN)ERALTEREDPARTIALPRESSURESOFOXYGENAND

CARBONDIOXIDE

(l%azvit:e dinitrofenolovoi gipertermii pri izmenennykh partsial'nykh

davleniyakh kisloroda i uglekisloty)

In the :3tudy of experimental hyperthermia, 2--4--dinitrophenol (DNP)

has been "_idely used. Its administration results in intense hyperthermia

and a considerable increase in the oxygen consumption. According to the

generally accepted opinion (Il'in and Neifakh, 1956; Veselkin, 1960;

Zdorovsk _ya, 1960), the effect of DNP is connected with dissociation of

respiration of oxygen and phosphorylation, and a breakdown of macroergic

compounds, mainly in the liver and muscles.

A corn Jarison of the data of direct and indirect calorimetry in experi-

ments wilh DNP administration performed in the laboratory of P. N.

Veselkin showed a considerable discrepancy between heat production and

oxygen ccnsumption. In the first period of the experiment excess heat

production occurs with respect to oxygen consumption; in the second

period, c_nversely, the actual heat production lags behind that calculated

in accordance with the oxygen consumed and the carbon dioxide produced

(Zykina- Gramenitskaya, 1960).
From the papers of P.M. Al'bitskii (1884, 1885, 1904, 1911),

E.A. KaItashevskii (]906) and N.V. Veselkin (1913) it is well known that

variation _ in the oxygen and carbon dioxide contents of the body have a

direct bearing on the course of metabolic processes and an essential

influence on the heat balance of the body.

In the present work we decided to study the development of DNP- induced

hyperthel mia under altered partial pressures of oxygen and carbon dioxide,

calculatirg that the data obtained would be useful for the analysis of the

toxic effect of oxygen.

Method

The ez:periments were performed on rabbits of both sexes weighing

1.5-- 3.5 kg.

To induce hyperthermia the DNP solution was injected into the auricular

vein in a dose of 0.02 g/kg immediately before the use of one procedure or

another. During the course of the experiment the animal's body temperature

was mea:_ured with a maximum rectal thermometer or a rectal thermoeouple

or mirror galvanometer.
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For the purpose of studying the influence of reduced partial oxygen

pressure in experimental animals immediately after DNP administration,

they were raised to a height of 5,500 m in a vacuum chamber, where they

were kept for an hour; after this they were lowered to ground level. The

ascent and descent were always conducted at the same rate (30--35 m/sec).

in all experiments the temperature in the vacuum chamber was 20--25 ° .

In the study of the effect of hyperoxemia following DNP administration

the rabbits were placed in a compression chamber where, after preliminary

ventilation with oxygen, oxygen pressure was increased to 4 atm. In the

majority of experiments the animals were under an atmosphere of com-

pressed oxygen for 5, 10, or 12 min.

An investigation to the effect of hypercapnia on the development of

DNP- induced hyperthermia was made in an airtight chamber, in which a

gas mixture of 20 % carbon dioxide and 41)% oxygen was created; the

aniraals remained in this chamber from 30 min to 1 hr, depending on their
conditions.

To induce hypocapnia after a preliminary tracheotomy the rabbits were

sub:lected to prolonged intense pulmonary ventilation by means of bellows.

In these experiments the 'animals were tied down to the table in the usual

way; in all others, they were Ieft free.

_["ne control experiments were as follows: study of the development of

DNP- induced hyperthermia under ordinary conditions; study of body
temperature under altered partial oxygen and carbon dioxide pressures

without preliminary DNP administration; and, finally, recording of the

rectal temperature during hypoxemia, hsqoeroxemia, hypercapnia and

hypocapnia, after preliminary injection of a 0.7 % solution of sodium

bicarbonate, which is a solvent of DNP

In the controI experiments thermometry was performed every 15 rain

for 1.5--2 hrs; in vacuum chamber experiments, before and after the

procedure, and then every 15 min; experiments using hyperventilation,

every 5 rain.

In all experiments the conditions of the animals were constantly
observed.

A total of 77 experiments on 63 rabbits was performed.

Results of the Experiments

Intravenous DNP injection into rabbits (0.02 g/kg under ordinary

conditions always produced a pronounced hyperthermic effect. In one hour

the increase in rectal temperature reached 0.8--2.5 ° (Table 1). As a rule,

the condition of the animals was not disturbed. In most cases dyspnea was

observed [sic]. It should also be noted that the most pronounced hyper-

thermic effect from DNP injection is observed in young animals.
In a number of cases (9 out of 77) DNP administration alone resulted

in death shortly afterwards.

Cutting the partial oxygen pressure m the inhaled air by half, which

occurs in the ascent to an altitude of 5,500 m*, prevents the development

* At an altitude of 5,500 m the partial pressure of oxygen is about 85 mm Hg, that is, half of ordinary

atmospheric pressure.
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of DNP- irduced hyperthermia (Table 2). Under these conditions, the

body temperature of most of the animals even dropped. Cases of a very

slight increase (no more than 0.2--0.4°C) are noted with an increase

(between ]--4 rain) in the interval between the injection of DNP and the

ascent. Intact control rabbits raised to altitude show an even greater

decrease :n rectal temperature than animals which had first received DNP

(Table 3). Injection of a 0.7 % sodium bicarbonate solution in the same

volume as the DNP solution before the ascent prevents cooling (Table 3).

This is evidently associated with increased alkalinity of the blood, limiting

the "high ;altitude" dyspnea.

TABLE 1

Change in the rectal temperature (in ° C) in rabbits after the injection of DNP

Number
of the Init:al

tern _e- Time after injection (in rain)

experi- rature Maximum
merits 15 30 45 60 75 90 105 120 increase

2 38.7 -- -- 39.6 -- -- 40.1 -- -- -_1.4

3 38.9 -- -- -- 39.7 .... .*0.8

Temperature ranges

Notes

4 39.5 40.0 40.05 -- 40.2 40.5 40.25 -- -- -+1.0

25 39.9 -- 40.3 -- 41.2 -- 42.0 -- -- +1.7

38 39.2 40.4 40.5 40.4 40.4 .... -+1.3

'/5 39.'/ 40.1 40.5 41.3 41.9 -- 42.2 42.0 -- ÷2.5

'/7 39.2 39.5 39".8 39.4 -- 40.9 -- 41.5 -- +2.3

17 39.5 39.6 39.8 39.6 39.8 39.9 39.5 -- +0.3

Rabbit tied down

on a stand (death

after 1 hr)

Sedous condition,

dyspnea
Very young rabbit

Weight 1.500 g

Very young rabbit

of light weight
The rabbit had been

used in the experi-

ment one day before

Investi gation of the effect of increased oxygen pressure on the develop-

ment of DNP-induced hyperthermia (13 experiments) showed that hyper-

oxemia causes an exceedingly rapid and intense elevation of the rectal

temperature (Table 4). In 5 rain (and in 2 experiments, in 10 and 12 min)

the increase in body temperature reached 0.8-- 1.7 °. The animals usually

died 4--5 rain after decompression. During that time the temperature

continued to increase, in most cases by 0. I--0.5 °. An exception was

experimer_t No. 14, in which in an experimental animal kept under a

compressed oxygen atmosphere for 50 rain after the DNP injection, rectal

temperature failed to increase, but decreased 0.4 ° . During this time the

rabbit wa'_ under an increased oxygen pressure of 4 atm without any signs

of oxygen poisoning, and one hour after decompression the rectal tempera-

ture praclically reached the initial level. Apparently, this is associated

with the f_tct that a day before this experiment the rabbit was given DNP,

and was twice exposed to the effect of rarefaction in the vacuum chamber.
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T ABLE 3

C[la[Ige ill the rectal temperature (ill *C) itl rabbits in the control experiments

with ascent to an altitude of 5,500 m in one hour

b umber of Temperature

Increase or After _0 rain at
e <pedment Initial After descent

decrease ground level

19

23

34

50

61

35*

37*

39*

43*

45*

40.0

39.8

41.6

39.9

38.7

39.3

38.6

39.7

39.3

39.2

39.1

38.6

37.9

37.2

37.8

39.4

39.3

39.7

39.9

40.0

-0.9

-1.2

-3.7

-2.7

- 0.')

-_I). l

+1.3

0

*0.6

+0.#

39.0

38.3

38.7

38.7 q20)

39.2

* Before the ascent a sodium bicarbonate solution was _ivei_(qhTqo)

[
"E

L
>
tt

i
[
2

1t

li

13

(7

(9

'_0

;2

T ABI.E -t

Variations in rectal temperature (0 C) in rabbits under increased oxygen pressure

of 4 amt after DNP administration

39.2

39.4

38.8

39.2

38.7

38.8

37.9

39.3

39.2

5O

5

5

12

5

10

5

5

uo o

_ .z

< g.k

_o

Death in chamber after 35 rain

The same

40.8 +I. 6 Died before conrpression
39.6 +0.9

40.5 +1.7 4 +O.l +I,8

38.7 *0.8 i0 _0.4 +I.2

41.0 .1.7 5 ÷0.5 +2.3

40.5 +1.3 5 0
41.6 *1.1

Notes

Was tested twice

(altitude ,' DNP)

Temperature before

repeated action of

pressure

Indication of oxygen

poisoning before

compression
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In control experiments in which intact animals were put into an atmos-

phere of compressed oxygen for the same period (5-- 12 min) a very slight

decrease of the rectal temperature was noted (no more than 0.5°).

The injection of DNP causes a marked change in tolerance to rarefaction

of the atmosphere and increased oxygen pressure. Ascent to an altitude

of 7,000-- 8,000 m results in marked clonic convulsions of the animal's

entire body and death in several seconds; as is well known, this never

occurs in normal animals under these conditions. Even at a height of

5,500 m rabbits which have received DNP usually show marked hypoxemic

phenomena: cyanosis of the lips and ears, marked dyspnea (as many as

200 respirations per min), marked hyperextension of the head, and loss of
motor coordination. In control rabbits at the same altitude practically no

appreciable disorders were noted. Rabbits given the sodium bicarbonate
solution before the ascent tolerated the effect of rarefaction with somewhat

greater difficulty than the intact animals, but with less difficulty than the
animals which had first been given DNP.

Under the influence of an increased oxygen pressure of 4 atm marked

dyspnea (as many as 180 respirations a minute) was observed in the

experimental rabbits immediately upon termination of compression

(1--2 min). The respiratory movements were marked, deep, and strained.

The animal lay on its side in the chamber; when it attempted to rise a

certain loss of coordination was observed, and sometimes there were

spasmodic contractions of the muscles (not fully typical of oxygen poisoning

in that they were slower; these phenomena progressed rapidly. After

decompression the condition remained practically unchanged. The rabbit

lay on its side, groaned, and died 4--5 min after termination of decompres-

sion.

An increased carbon dioxide content when the oxygen content in the gas

mixture was raised to 40 % (11 experiments) apparently does not prevent

the development of hyperthermia after DNP administration. In this series

of experiments, most of the rabbits used had already been given DNP

once or twice and had already been under increased or decreased oxygen

pressure. In these animals, under the influence of a mixture of 20%

carbon dioxide and 40 % oxygen, the temperature either decreased 1.0 ° or

showed a very slight increase (0.5 °) after DNP administration. In rabbits

which had not been subjected previously to any procedures, the rectal

temperature during their stay in the chamber ,_ometimes increased more

than in the controls. For example, in experiment No. 32 (exposure 40 min)

the increase in rectal temperature was 1.4 ° after switching over to

breathing air. Death occurred after 35 rain, during which time an addi-

tional temperature elevation of 1.5 ° was observed; the total increase in

body temperature was 2.9 ° .

For eight out of nine rabbits a gas mixture of 20% carbon dioxide and

40% oxygen resulted in death either during the period of its use, or shortly

after.

Of two control rabbits kept in this gas mixture for 40 min, one showed

a decrease in body temperature by 1.7°; the other, which had first been

given a sodium bicarbonate solution, 0.4 °. Both remained alive.

In the case of rabbits subjected to pulmonary hyperventilation with air,

the temperature increase resulting from DNP administration was some-

what less than under ordinary conditions. However, hyperventilation

itself, as control experiments showed, leads to a considerable cooling of
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thebod_. A comparisonof thecorrespondingdatashowsthatat theendof
experincentswithhyperventilationthedifferencebetweenthetemperatures
of thecontrolrabbitsandthosewhichhadreceivedDNPwasmuchgreater
thantheincrementoftemperaturefrom DNPwithouthyperventilation.
Hence,it followsthathyperventilationincreasesthehyperthermiceffect
of DNP.

Of five rabbitswhichhadbeengivenDNP,four diedduringexperiments
withhyi,erventilation(thedurationof hyperventilationwasl hr). Ofsix
controlanimals,onediedfrom hyperventilation.

Discussionof Results

Fror] the data presented it follows that the change in partial oxygen

pressure exerts a most pronounced effect on the development of DNP-

induced hyperthermia, apparently by acting as a distinctive trigger

mechanism. This is indicated by the following facts.

Halving the partial oxygen pressure (altitude of 5,500 m) immediately
after D]qP administration excluded the possibility of development of DNP-

induced hyperthermia. However, if there is even the slightest interval

betweer the DNP injection and the rabbit's ascent, a certain increase in

temperature or maintenance of it at the initial level is noted. After

switching to a gas medium with normal oxygen content an active tempera-
ture increase occurs. Finally, the very marked hyperthermic effect

observe d under compressed oxygen also indicates that oxygen and its

partial _ressure in the ambient medium is of decisive importance for the

development of DNP-induced hyperthermia.

It is significant that here we are dealing not so much with an increase

in the h}_perthermic effect (total increase in body temperature during the

experiment was almost the same as in the control) as with the very marked
acceleration of this reaction -- with the development of hyperthermia

occurriag in 5--10 min (instead of the 50--70 rain in the control). Further

increase in the temperature after decompression is less pronounced, and

thereby the total increase in body temperature does not exceed the control

figures
Data obtained concerning the effect of carbon dioxide on the development

of DNP - induced hyperthermia is less distinct. Results of experiments with
the effect of increased carbon dioxide content on animals which had

received DNP on previous days do not permit drawing any conclusions about

its role in the temperature changes noted. It is well known that very

frequert DNP injections lessens the hyperthermic effect markedly, are

tolerat_d with great difficulty by the animals, and even cause their death.

Two experiments on rabbits being used for the first time indicate that

increased carbon dioxide concentration does not inhibit the development of

DNP- induced hyperthermia. However, it may be supposed that in these

experir]ents a definite part was played by an increased oxygen content.

Hypocapnia, which evidently is also combined with a certain increase

in the oxygen tension in the blood, increases the hyperthermic effect of

DNP. I"nis is expressed in a considerable elevation of body temperature,

despite the pronounced cooling effect of hyperventilation itself.
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Theexperimentsshowedthatafter DNPadministrationtherabbits
haveanalteredtoleranceto theeffectof alteredpartial oxygenandcarbon
dioxidepressures. It mightbeconcludedthatthis is explainedbythe
simplesummationof twounrelatedunfavorableinfluences:thetoxiceffect
of DNP,ontheonehand,andthealteredgasmediumontheother.
However,it seemedto usthatthereis amoredeep-seated,intrinsic
connectionbetweentheseinfluences.It maybesupposed,specifically,
thatamarkedlyincreasedoxygenrequirementof thebodyafter DNP
administrationcausestheseverehypoxemicphenomenashownbythe
injectedrabbitsat a comparativelylowaltitude. Deathof rabbitswhich
hadbeengivenDNPandplacedundercompressedoxygenis possibly
explainednotbytheincreasein thetoxiceffectof oxygenassuch,but
bythemarkedincreasein theactionof DNPundertheseconditionsand
theexcessivebreakdownof macroergiccompounds,withconsequent
activeheatproduction.

In onewayor another,thefurther workupof theproblemof theaction
of DNPunder conditions of altered partial oxygen and carbon dioxide

pressures is of undoubted interest both to the study of the problem of

conjugate respiration and phosphorylation, and of the mechanism of oxygen

poisoning.

Conclusions

1. Change in the partial oxygen and carbon dioxide pressures in the

inhaled air influences the development of 2--4 dinitrophenol-induced

hyperthermia in rabbits.

2. Of greatest importance in the development of the hyperthermic effect

after DNP injection is the partial oxygen pressure.

3. The reduction by half of the partial oxygen pressure in the inhaled

air, which occurs during ascents to 5,500 m, prevents the development of

hyperthe rmia.

4. Under an atmosphere of compressed oxygen a very marked accelera-

tion of the course of the hyperthermic reaction to the DNP injection
occurs.

5. The injection of DNP substantially changes the nature of the body's

reactions to the effects of high and low partial oxygen and carbon dioxide

pressures.
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T.N. Zheludkova, V.P. Zagryadskii, and Z. K. Sulimo- Sarnuillo

THE EFFECT ON THE BODY OF A PROLONGED STAY IN A GAS

MEDIUM WITH AN INCI_EASED CARBON DIOXIDE CONTENT

(Vliyanie na organizm dlitel'nogo prebyvaniya v gazovoi srede

s povyshennym soderzhaniem uglekisloty)

While the effect on the bodies of animals of high carbon dioxide

concentrations in the inhaled air has been studied quite thoroughly

(Al'bitskii, 1911; Veselkin, 1913; Golodov, 1946; Zagryadskii, 1955; and

others), this has not been the case with the effect of low carbon dioxide

concentrations on the body. The comparatively narrow scope of studies

made _long this line (Berkovich and Shub, 1931; Brestkin et al., 1934;

Gelhorn, 1948; Dejourus, 1958; Bernatskii, 1960) do not permit us to

ascertain the possibility of animals or men remaining under these conditions

for a long period or to characterize the aftereffect when the gas mixture is

switched to that of ordinary atmospheric air.

The aim of the present work was to study the effect on the animal

organism of breathing, for manyhours, gas mixtures containing 3 T0 and 5 To

carbon dioxide with normal oxygen content and with one of about 40 To.

Method

The experiments were performed on 42 rabbits. The artificial gas

medium was created in a pressure chamber having a volume of 0.37 cuxn,

with a large window for observing the animal. The carbon dioxide content

was checked with a GEUK- 21 electric gas analyzer; that of the oxygen,

with an "Oxytest" gas analyzer. The set carbon dioxide concentrations (3 To

and 5 T) were maintained in the chamber by ventilating it whenever the

carbon dioxide content became higher than a given figure. For the purpose

of mixing the gases in the pressure chamber a fan was installed.

Before and after the effect of carbon dioxide on rabbits the frequency

and depth of respiration, the ECG, EEG, and the rectal temperature were

recorded, and a study was made of the blood (morphological composition

and white blood count). For the purpose of recording the respiration, ECG,

and EEG the rabbit was placed in a metal tray adapted to the shape of its

body. While limiting body movement the tray permitted the animal to

remain in a natural position and left its head free. l_espiration was

recorded on an oscillograph with a pressure cuff set on the animal. The

ECG was made with a back- chest lead. Needles inserted under the skin

205



and helc fi_-m with a rubber bandage served as electrodes. The EEG was

recorded by the G. T. Sakhiulina method (1953), with the use of a two-

channel amplifier of the action currents and a two- beam cathode ray

oscillograph. The electrodes were placed in the motor area of the cortex.

In takin;,_ the EEG a study was also made of the reactivity of the brain to

an audio stimulus. After the stimulus the functions being investigated

were recorded every 15 min for 1.5--2 hrs. During the time the animals
were in the chamber with increased carbon dioxide concentration, their

respira':ory movements were counted every hour, and their general

behavio:? was observed.

The _zlimals were exposed to the effects of 3 % and 5 % carbon dioxide

for 6 and 12 hrs, with normal oxygen content and an oxygen content of

about 40%. The air temperature in the chamber was kept between 18 and

20 ° .

In order to follow the dynamics of changes in the functions being

investigated for a longer period than that occurring immediately after the

stimulus, a number of experiments were performed outside the pressure

chamber with the animals breathing the corresponding gas mixture through

a mask. At the same time, a record was made of the respiration, ECG,

and EEG, and the blood was analyzed.

The tracings of the respiration, ECG, and EEG were made in accordance
with the above method.

Results of the Investigation

The behavior of the animals changed very slightly in a gas medium with

an increased carbon dioxide content. Only for the first 1-- 1.5 hrs did the

rabbits sit fixed in one place. Then they began to eat, to jump, wash

themse:ves, sniff the walls of the chamber, and react in a lively manner

to sound and light stimuli.

In the great majority of experiments (19 out of 22) an appreciable

slowing of respiration was observed in the animals breathing an increased

carbon dioxide and normal oxygen content.

Thu_% in experiment No. 14 dated 13 July 1960 the rabbits' respiratory

rate amounted normally to 220 per rain, after an hour in the chamber with

a 3% carbon dioxide content, 70 per rain; after 12 hrs, 48 per min. With

a carbon dioxide content of 5 % in experiment No. 20 the respiratory rate

after m_ hour of breathing the gas mixture was 112 instead of 212; after 12

hrs, 98 per min. On the average for all experiments, the maximum

respiratory rate after an hour in an altered gas medium decreased by 68 %

from the initial figure; after 6 hrs, by 74%; after 12 hrs, by 78 %. As a

rule, the slowing of respiration was accompanied by a deepening of it and

contraction of the accessory musculature to the respiratory rhythm. After
the animal was removed from the chamber a marked increase in the

respiratory rate was noted for 30--45 rain.

The nature of change in the respiratory rate when the rabbits were in

a gas medium containing 5 % carbon dioxide and about 40 % oxygen for

6--12 _rs was not much different from changes occurring with the gas

medium containing 5 % carbon dioxide only. As early as an hour after

being iJl the altered gas medium a persistent slowing of respiration was

observed (in 11 out of 13 experiments). After the animals were removed
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• from thechamberanincreasein therespiratoryratewasalsoobserved
in mostexperiments(in 9outof 13). However,this increasein frequency
waslesspronouncedthanafter breathingair containing5%carbondioxide.
Theincreasedrespiratoryratewasmaintainedusuallyfor thefirst 15--30
rainof theaftereffectperiod,

Accordingto ECGdata,thepulserateof therabbitsin agasmedium
withanincreasedcarbondioxidecontentandanormaloxygencontent
decreasedconsiderablyfrom theinitial rate(25--35permin) in themajority
of experiments(in 17outof 22). In five experimentsanincreasein the
pulserate byanaverageof 20--25beatsperminwasobserved•Studies
of theECGmadeevery15rainwhiletherabbitbreatheda gasmixturewith
anincreasedcarbondioxidecontentshoweda slowingof theheartrate as
early as15--20rainafter switchingto thegasmixture.

t .,_v.

• • .... . ° ° . ° ...... ° ° . . .... ° ° ° . ° . ° . . o ° °

3

• .... ........ ...-°....°-.o°. ..... ...

Of"

• ° . ° • ° • ° • . . • • ° • • ° • • • • , • , • . • ° ° . • • °

Changes in the rabbit's EEG after 10 hours in an atmosphere with an increased CO 2 content

I --EEG in the air; 2--EEG after a stay in a gaseous medium with a 5%CO 2 content; 3--the

same witha3%CO 2content; 4--thesamewitha 5%CO 2and a 40%O 2 content. Dotted
lines--time in 0.1 sec.

In a number of experiments the heart rate after the animal had been

removed from the chamber did not reach the initial level after 45--60 rain.

With a gas mixture containing an increased carbon dioxide content and

an oxygen co:atent of about 40 %, immediately after the animals were taken

out of the ch_unber such a characteristic slowing of the heart rate was not

seen. Out of nine experiments a slowing of the heart rate was noted in

three; in four there was an increase in the frequency, and in two experi-
ments the pu:[se rate remained unchanged.

No specific features characterize changes in the various parameters of

the ECG on breathing gas mixtures with increased carbon dioxide contents.
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In anumberof experimentsanincreasewasnotedin thevoltageof the
ECGwaves,particularlyT andIt, andnotuncommonlyat thesametime
theT wavebecamemorerounded. Often sinus arrhythmia was observed.

After breathing a gas mixture containing 5 % carbon dioxide and about

4{)% oxygen, a reduction in the voltages of the S and T waves and a very

slight prolongation of the PQ interval were observed in addition to the

changes indicated above. After 30--40 min of breathing atmospheric air

tl:e nature of the ECG was the same as initially.

In the case of breathing gas mixtures with 3--5 % carbon dioxide and

2 L% oxygen a reduction of the rectal temperature was observed in the

r_Lajority of experiments (17 out of 21); in two experiments there was an

increase; in two the temperature remained unchanged. Reduction of the

rectal temperature varied from 0.2-- 1.9 ° . In the two experiments where

r_ctal temperature increased, the ambient temperature in the chamber

_as higher than usual and reached 26 °.

With mixtures of 5% carbon dioxide and 40% oxygerl there was a

tendency toward an increase in the rectal temperature by 0.4--0.7 ° (in

seven out of 12 experiments). On comparing electroencephalograms

recorded in rabbits which breathed air with a 5 % content of carbon dioxide

and those which breathed a gas mixture of 5 % carbon dioxide and 35--40 %

oxygen, essential differences were found in the nature of the electrical

potential. Thus, in rabbits which breathed air containing 5 % carbon dioxide,

tae normal rhythm, characterized by fast waves (35--45 per sec) and

periodically-occurring slow waves of the ,-wave type (I2--16 per sec),

changed markedly in the direction of absolute predominance of slow high-

voltage potentials after the animal had been removed from the chamber.

q?he EEG of this nature was maintained, as a rule, for 45--60 min. During

this period the animals were completely immobile and did not react to

._ound stimuli. Most of them showed pronounced exophthalamus. The EEG

cf rabbits which breathed a mixture of oxygen and carbon dioxide was

_.bsolutely different. In the aftereffect period an increase was noted in the

frequency and amplitude of iJ-potentials with an almost complete absence

of slow waves. In these rabbits ahigh degree of motor activity was observed.

The segments of the EEG presented on the figure depict graphically

these differences in the nature of bioelectrical activity of the cerebral

cortex in both series of experiments.

The aftereffect period of rabbits exposed to the gas medium containing
5% carbon dioxide for 6 and 12 hrs was characterized by the appearance

of slow high- voltage waves on the EEG. As a rule, this EEG was maintained

for 45 rain after the rabbit had been taken out of the chamber. Gradually

areas with an increased _- rhythm were noted on the EEG. The animal

_egained its normal motor activity 60 to 90 rain after it had been removed

:_rom the chamber. At the same time a progressively greater normalization
_f the EEG could be seen.

An atmosphere containing 5 % carbon dioxide resulted in considerable

:ncrease in the white blood count during the aftereffect period. This increase

],000--4,000 above the initial figure, was maintained for two days. The

:morphological picture was characterized, in contrast to the initial back-

ground, by increase in the pseudoeosinophil (segmented) count and a

ceduction of the lymphocyte count. When the carbon dioxide content was

__qual to 3%, similar changes were observed in the white blood. When, in
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addition to carbon dioxide, there was an increased oxygen content in the

-ambient atmosphere, the rabbits showed a very slight leukocytosis only on

the second day after the effect. In addition, a reduction in the pseudo-

eosinophil count and an increase in the lymphocyte count occurred.

Discussion of Results

The experiments performed showed that after the animals had been

for many hours in a gas medium with a 3 % or particularly a 5 % content of

carbon dioxide content, pronounced functional changes were observed in

respiration, the cardiovascular system, and central nervous system. This

is in agreement with data obtained by other authors.

M. P. Brestkin (1934), studying problems involved in assuring physio-

logical conditions for the crew in a stratosphere balloon gondola, showed
that increase in the carbon dioxide concentration of the air to 3 % failed to

produce any pronounced abnormalities in the body. Thus, only a

moderate increase in the rate and depth of respiratory movements was

observed. With increase in the carbon dioxide concentration to 6% the

subject became incapable of working. The author believes that to maintain

a person's efficiency in the gondola it is advisable to keep the carbon

dioxide concentration at a level of 0.5--1%.

Simons and Archibald (1958), on the basis of experience accumulated as

a result of investigations in the submarine fleet, point out that when human

beings are in an airtight cabin for a prolonged period, the permissible limit

for the carbon dioxide concentration is 3 %. However, the authors believe

that to prevent reduction in efficiency it would be more "cautious" to use

a 1% carbon dioxide concentration.

Our experiments showed that essential functional changes occurred in

animals in an airtight chamber for 6--12 hours when the carbon dioxide

content was 3 % and 5 %. These changes were expressed in a slowing and

deepening of respiration, a slowing of cardiac activity, increase in the

voltage of the ECG, and lowering of the body temperature.

With a rapid switch to atmospheric air a pronounced aftereffect was

observed. It was expressed in marked inhibition of motor activity,

increase in the respiratory rate, very slight slowing of the heart rate, and

leukocytosis. The degree of these functional changes is dependent not only

on the concentration of carbon dioxide and the duration of its effect, but

also on the individual characteristics of the body. Most characteristic of

the carbon dioxide aftereffects were signs of marked inhibition of the

central nervous system, expressed in an absolute predominance of slow

high- voltage potentials on the EEG as well as the animal's lack of reaction

to audio stimuli. As is well known, V. N. Bernatskii (1960) found signs of

prolonged tr_msmarginal inhibition in rabbits during an investigation of

conditioned reflexes and in the EEG after they had breathed a gas mixture

containing 6--7 % carbon dioxide for 1.5 hrs. In our experiments signs of

inhibition were found even after breathing air containing 3 % carbon dioxide.

It should be emphasized that animals in an airtight chamber containing

3--5 % carbola dioxide for a long time, show signs of adaptation to an

increased carbon dioxide content. After being in the gas medium for 1--2 hrs
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therespirationof theanimalsbecameeven; theyreactedin a lively
mannerto light andsoundstimuli, ate, etc. However,whentherewasa
changein thegascomposition(i. e., a switchto breathingordinary
atmcsphericair) pronouncedfunctionalchangeswereagainobserved,and
deepinhibitionof thecentralnervoussystemdeveloped.Probably,the
physiologicalmechanismswhichprovidefor adaptationto increased
carbondioxideconcentrationslosetheir beneficialsignificancewhen
thereis amarkedchangein thecompositionof thegasmedium. In this
connection,thequestionarisesasto thesignificanceof agradualchange
from analteredgasmediumto theusualatmosphericconditionsandas
to theoptimumdurationof the change, particular:ly after many days of

being in a gas medium with an increased carbon dioxide content. This

problem requires experimental study.

In experiments with a prolonged stay under a gas medium containing 5%

carbon dioxide and about 40 % oxygen, the aftereffects after switching to

atmospheric air were found to be less pronounced. The aftereffect period

in these experiments was shorter, inhibition of the central nervous system

was less prolonged, and a slight increase in the respiratory rate was

observed. Therefore, the addition of about 40% oxygen to the gas medium

containing an increased carbon dioxide concentration reduces the unfavor-

able effect of carbon dioxide and makes it easier for the organism to

switch over to normal atmospheric air. This is evidently a result of the

antagonism between the effects of oxygen and carbon dioxide in their action

on the body, which has been pointed out by P. M. Al'bitskii (1911), E. Gelhorn

(1948), and a number of other authors.

I. I. Golodov (1946) determined the fact that the increased oxygen content

of the gas mixture lessens the anesthetic effect of high carbon dioxide

concentrations. Our data permits us to suppose that increased oxygen

cone entrations (as high as 40 %) considerably reduce the unfavorable effect

of prolonged breathing of gas mixtures containing carbon dioxide. This

fact may be of practical importance in cases where a change is made from

alte:red gas conditions to ordinary atmospheric air.

Conclusions

1. A gas medium containing 3--5 % carbon dioxide acting on rabbits for

6--::2 hrs causes functional changes in respiration, cardiac activity and
heal regulation.

2. A rapid switch of the animals from a medium with an increased con-

tent of carbon dioxide to ordinary atmospheric air is accomplished by a

marked aftereffect lasting 1.5--2 hrs.

_;. The most characteristic manifestation of the _tereffect of prolonged

breathing of gas mixtures containing an increased carbon dioxide content

is deep inhibition developing in the central higher nervous system centers

of the rabbits.

_:. The aftereffect period is considerably reduced (to 30 rain) and is

accompanied by less pronounced functional changes when the 5 % carbon

dioxide content is mixed with 35--40% oxygen.
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B. A. Nessirio

ADAPTIVE REACTION OF THE HUMAN BODY TO THE REPEATED

EFFECTS OF INCREASED AIR PRESSURE (ACCORDING TO DATA ON

THE STUDY OF HIGHER NERVOUS ACTIVITY)

(Pr isposobitel'naya reaktsiya erganizma cheloveka k povtornomu deistviyu

povyshennykh davlenii vozdushnoi sredy (po dannym izucheniya vysshei

nervnoi deyatel'nosti))

As experience in diving practice has shown, if a person is repeatedly

under pressure, the output of work done under these conditions increases.

However, no special, regular studies of adaptive reactions of the human

or animal organism to repeated effects of increased air pressures can be

found in the available literature. Concerning the overall physiological

effect of compressed air on animals and man, it has been shown that the

anesthetic properties of increased nitrogen pressures are of prime

importance (Behnke et al., 1935, 1938; N.V. Lazarev, 1941; L.A. Orbeli,

et ;_/., 1944; G.L. Zal'tsman, 1961; and others).

The object of the present work was to study adaptive reactions of the

human body to the repeated effects of increased air pressures.

Method

The investigations were made on seven divers between the ages of 19

and 30 with approximately the same length of diving experience. Each

subject was repeatedly exposed to the effect of the same constant pressure

of _.6 and 8 atm in a dry pressure chamber. In order to evaluate the

adaptive reaction, the higher nervous activity of the subjects was studied.

Under normal pressure in the chamber, the conditioned motor reflexes

wece elaborated on an electric reflexometer by the following means: speech

reinforcement to a painful cutaneous stimulation with a current, a steady

and a flickering white light with a frequency of 120 per min (C120), and a

differential flicker frequency of I00 per min, as well as verbal designations

of _he direct stimuli. To evaluate the condition of internal inhibition a

de]ayed conditioned reflex to red light with a lag of 6 or i0 sec was

el_borated. The verbal reactions were studied by means of the verbal

sterotype method which we modified: to each of three verbal stimuli

("table", "chair", "rap") written on separate glass plates and shown in an

arbitrary order, the subject was to respond with a single word, respec-

tively, "old", "new", and "weak". To one of these word stimuli (different
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in each investigation) there was to be no response. Mental efficiency was

studied by means of arithmetic exercises (the addition of 2 digit numbers).

The stimuli of the positive conditioned motor reflexes were used

serially 5--7 times with pauses of 10--20 sec between them, while differen-

tiation and the verbal stimuli of the verbal stereotype were used 3--4 times

each. The sequence of stimuli to motor reactions was constant in each

determination; the sequence of verbal stimuli varied. A record was made

of the latent periods of the reactions (with an accuracy within 0.01 sec) and

the magnitudes of the conditioned motor reflexes (in relative units on a

scale of 100 divisions). All the studies took 15--18 rain; they were made

at normal air' pressure immediately before the beginning of descent and

then were repeated immediately after completion of compression. The

interval between the repeated descent was usually 1--3 days.

To check the results obtained, an additional investigation was made of

19 untrained student divers. Higher nervous activity was studied by

means of a p:coofreading method according to standard tables of

V. Ya. Anfimov and A.G. Ivanov- Smolenskii.

The indices of higher nervous activity changes occurring under condi-

tions of increased pressre were treated statistically by the method of

"evaluation of the differences between the means, in the case of related

data" (KamJnskii, 1959). The "closeness of connection" between the

variations of these indices in the case of repeated applications of

pressure and the number of "descents" was determined by the correlation
method. A correlation coefficient above 0.3 constituted an indication of

a positive connection; such a connection was regarded as an expression of

the biological adaptive reaction of the organism.

Results

In the case of pressures over 4 arm, the subject developed the

following subjective sensations: numbness of the lips and tongue, dull

pain in the skin, seeing "sparks flickering before the eyes"; two subjects

noted auditory hallucinations, nausea and desire to vomit. During the

course of 27--29 repeated applications of pressure the subjective signs of

nitrogen intoxication did not decrease appreciably. At the same time,

however, the subjects noted that during repeated descents they gradually

felt less on {_ard and less anxious -- feelings associated with the

appearance of unusual subjective sensations -- and that there was an
increase in the sense of work in the power of analyzing one's own actions

and restraining emotional reactions.

With the change in the feeling of well- being during the stay under

pressure, a simultaneous increase in the latent period and the magnitude
of the conditioned reflexes was noted. Thus, under a pressure of 6 atm

the latent period of the reaction to painful cutaneous stimulation with a

current increased by an average of 0.05 sec (21%); of the reaction to

white light, by 0.04 sec (9.7%); to C120, by 0.18 sec (4.3%). The time

lag increased by 1.14 sec (18.7 %); the latent period of verbal reactions

increased by 0.11 sec (8.2 %); and, finally, the time needed for solving

the arithmetic problems increased by 0.23 sec (7.7 %). The probability
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that these changes were significant was 80--99%. The magnitude of the

conditioned motor reflexes increased by an average of 2.5--6.2 units

(6.7--15.2%) with a probability of 95--99%.

With the use of the inhibitory stimulus (C100) under pressure, breakdowns

of differentiations were noted, and in only one subject was there more

frequent inhibition of the positive reaction to C120. The number of errors

made in solving arithmetic problems increased. As a rule, no qualitative

disorders were observed in the study of the verbal stereotype. All the

subjects did their proofreading work more slowly (on the average, by

10.8%); many omitted positive symbols or even whole lines. The ability

to differentiate the symbols was maintained.

T ABLE 2

Number of repeated descents necessary for normalization of indices of proofreading tests

Subject

K-n

E-O

S-ko

K-k

S-a

K-v

N-k

Ch-i

V-v

M-i

K-ya

Z-ka

A-v

Zh-v

K-o

G-v

I-o

Sh-k

L-n

Air pressure

(in atmospheres)

4

4

4

4

4 2

4

4

4

4

4

6 7

6 6

6 7--11

6 3

6 4

6 3

6 5

6 2

6

Number of

correctly under-

lined symbols

(rate of work)

Number of

positive symbols
missed

2

2

3

2

Number of

incorrectly
und e rl ined

symbols

m

B

Number of

entire lines

omitted

D

2

2

N o t e. The dash indicates that no relative normalizatioll of the indices occurred,

All these changes were directly related to the degrees of pressure used,

to the individual sensitivity of the divers, to the effect of nitrogen and to

the difficulty of the tasks.
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Dynamics of changes in the latent periods of the verbal reaction
in divers Zh-v andB-ysh(average figures)

a -- air pressure of 0 atm; b -- 4 aim; c -- 8 aim. On the abscissa,

the ordinal numbers of the tests; on the ordinate, the latent period

The figure shows results of determinations of the latent periods of

verbal reactions with the use of repeated effects of compressed air in two

subjects, who differed in their individual sensitivities to the nitrogen

effect. In one of them (Zh-va), after a pronounced increase in the latent

period at the time of the first determination under an air pressure of

4 aim, a distinct reduction occurred in the third determination (the cor-

relation coefficient r for the first three descents was 0.95). In subsequent

determinations stabilization of the latent period was noted. In another

subject (B-sha)under an air pressure of 8 aim the latent period of the

verbal reactions in the first determination exceeded the initial figures by

a total of 10% and in subsequent determinations it remained at approximate-

ly the s_ne level (r=+0.028).

Ther._fore, in the first case it was possible, from the change in the

latent period of verbal reactions, to note adaptation to the repeated

nitrogen effect of the compressed air after three descents; in the last

subject :ao pronounced adaptation occurred.

The z'esults of the other studies made, treated in a similar way, are

shown in Table i.

FronL the data obtained it follows that in the determination of the latent

period and the magnitude of the conditioned reactions an adaptive reaction

could be found in about half the cases*. The rate of relative normalization

of the latent periods of the conditioned motor reactions (to the painful

cutaneous stimulation with the current and to white light) and the verbal

reactions (verbal stereotype) was approximately the same; accustomation

occurrefl during the first three to seven descents in the majority of cases.

* In most cases it was impossible to determine definitely the trends of the variation in the erroneous respones,

because riley were so few.
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Similar results were obtained in the study of the adaptive reaction of

19 student divers by the simplified method -- by means of proofreading
tests (Table 2). If we judge by the increase in the rate of work, adaptation
of the subject also occurred during the first two to seven descents in the
majority of cases.

The studies showed that the rate of adaptation of the subjects to the
action of compressed air depended on their individual sensitivities to

nitrogen, the degree of pressure used, and the difficulty of the task. Under

conditions otherwise equal, the greater these three factors, the greater

the number of descents necessary for relative normalization of higher
nervous activity.

In conclusion, we should dwell on the results of special control studies

made 'to determine the effect of various factors in the experimental
situation on the subjects' conditions. It was found that no definitely
directed changes in higher nervous activity resulted from such associated

factors as increased air temperature, noise of incoming air, increased
partial oxygen and carbon dioxide pressures, and mechanical effects of

gas pressures equivalent to those acting on the human body when air
pressure is raised to 4-- 10 atm. This suggests a connection between the

dynamics of changes in conditioned- reflex activity found in the subjects

during repeated tests under pressure, and accustomation to the nitrogen
effect in the compressed air.

Discussion of Results

The: investigations made showed that the adaptive reaction occurring

from repeated applications of pressure is not universal. During the first

seven descents an appreciable recovery of the simplest, chiefly

quantil:ative indices of higher nervous activity was noted, such as those of

latent period, magnitude of the reaction, as well as behavioral reactions.

Recovery of these functions may, apparently be regarded as the result

of gradual weakening of the toxic effect of nitrogen on the higher central

nervo_Ls system centers. Concerning the mechanism of action of increased

nitrogen pressures, first should be mentioned a disorder of processes of

internal inhibition (disruption of differentiation, delay, etc.), which was

shown in special studies of G. L. Zal'tsman (1961) and confirmed by our

data. Therefore, the object of training the human body to the initial

anesthetic effect of nitrogen is, in our opinion, to normalize processes of

internal inhibition and reduce the generalized inhibition of cortical

reactions. The data obtained permits us to suppose that recovery of

various types of internal inhibition does not occur uniformly but depends

on different factors, primarily on the complexity of the task being carried

out. 3_us, comparatively simple tasks (negative responses to word

stimuli in a verbal stereotype, differentiation of letters, combinations of

them in proofreading) were carried out almost without error even the

first time the subjects were under pressure.

Emotional, behavioral and specially elaborated motor reactions were

appreciably disinhibited in the first and second tests, but during the

course of repeated nitrogen effects, became progressively more adequate.

Therefore, special training was needed for relative normalization of these
functions.
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Themoredifficult taskof differentiatingbetweenC100andC120

frequencies was frequently performed incorrectly, not only during the

first descent but also in subsequent ones, i.e., despite training. Only a

few subjects showed a tendency toward gradual improvement.

Finally, in the investigation of the delayed conditioned reflex it was

impossible to observe even a tendency toward normalization of the latent

period, despite its distinct increase in the first and repeated descents.

b_rom a practical aspect, the results obtained indicate that such training

sessior s for divers can bring about a certain reduction of the paralyzing

effect of the anesthetic properties of nitrogen on the functions of the higher

nervous system centers. Thereby it is possible to increase the rate at

which mental and physical work is performed under increased pressure,

to adequately adapt the divers to evaluating their own feeling of well- being

and the surrounding situation. The latter may be of definite importance in

increasing the safety of deepwater dives.

Conclusions

1. A study was made of the dynamics of higher nervous activity indices

of subj-=cts repeatedly under conditions of increased air pressures (4--8 atm).

The reaction demonstrated has the nature of an adaptive reaction.

l=telative normalization of the indices of higher nervous activity occurs in

the majority of cases after three to seven descents.

2. [he nature of the adaptive reactions depended on the degree of

disorder of higher nervous activity under pressure. The greater the

pressure, the more sensitive the subject to the anesthetic effect of nitrogen,

and the more difficult the task, the more pronounced were the changes in

higher nervous activity and the greater were the number of repeated descents

necessary for relative normalization of them.

3. [?raining sessions against the initial anesthetic effect of nitrogen in

divers permit an increase in the output of their work under increased

pressure.
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Yu.M. Polumiskov

THEPROBLEMOFTHEMECHANISMOFOCCURRENCEOF
PULMONARYPRESSURETRAUMADURINGTHEBREATHINGOF

AIRANDOXYGEN

(Kvoprosuo mekhanizmevozniknoveniyabarotravmylegkikhpri
dykhaniivozdukhomi kislorodom}

A sm_llnumberofpapers(PolakandAdams,1932;Germanand
Alekseev,1955;andothers)havebeenwrittenonthestudyof theetiology
andpathogenesisofpressuretraumaof thelungs.

Todate,theeffectofthedegree,rapidityofincrease,anddurationof intra-
pulmonarypressureontheoccurrenceof pulmonarypressuretrauma
remainsunclear. Noinvestigationhasbeenmadeof theeffectof repeated
increase:3of intrapulmonarypressureonthecourseofpressuretrauma.

Our ir.vestigation was on these problems.

Method

The experiments were performed on cats of both sexes weighing from

2--5 kg, under evipan anesthesia. To prevent blood coagulation, a solution

of germanine (0.2 g/kg body weight) or heparin (200--300 IU/kg) was given

intravenously before beginning the experiment. During the course of the

experiment the blood pressure, respiration, intrapleural pressure, intra-

pulmonary pressure and time marking were recorded on a kymograph.

In recording the respiration, an inflatable rubber cuff with soft ties
which did not prevent chest expansion was set on the chest and upper

abdomen. Intrapulmonary pressure was measured by introducing into the

intrapleural space of the right or both lungs large- calibre needles connected

to a mer,_urial or water manometer and having a side process for removal

of the ex,_ess gas from the intrapleural space (suction of gas).

The mlimal was tracheotomized, and to one end of the T-piece of the

tracheotomy cannula a rubber tube was connected for the purpose of

increasirLg the intrapulmonary pressure. The gas mixture was fed through

a regulator, which assured the necessary speed in increasing intrapulmona o

ry pressure and the requisite duration of its action.

The experimental animals were given air or oxygen to breathe.

Gas e_aboli penetrating into the blood stream in the case of pulmonary

pressure trauma were caught by means of a glass cannula trap 2 ml in

volume which had first been filled with germanine solution (0.2 g) or
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heparinsolution(200IU). Thecannulatrapsweresetin tl_ teft common

carotid artery and right femoral artery. A description of them is given in

the article by P.M. Gramenitskii and A.A.Savich,published in this collection.

Results of the Experiments

Pneumothorax was determined by the occurrence of positive intrapleural

pressure and the results of subsequent autopsy of the animals.

The effect of an increase in intrapulmonary pressure on the change in blood pressure, respiration, and
intrapleural pressure from pulmonary pressure trauma. Kymogram of experiment No. 14, dated 20 April 1960

From right to left, reading upward: Time marking-- 5- second intervals; hand-switched marking of the
rate of increase and duration of the effect of intrapulmonary pressure; intrapulmonary pressure (in mm Hg);
intrapleural pressure on the right side of the chest (in mm HzO); blood preuure (in mm l'lg); respiration.

To produce pulmonary pressure trauma, the degree of intrapulmonary

pressure was increased gradually from 5 to 60 mm Hg.

If with increase of intrapulmonary pressure to 5--10 mm Hg no change

occurred in the intrapleural pressure indicating pneumothorax, after 5--7

rain it was raised to 20 mm and then by 10-- 15 mm each time until the

intrapleural pressure became positive, indicating that pneumothorax had

occurred.

The kymograph in experiment No. 14 gives an idea of the nature of the

changes occurring in pressure trauma of the lungs.

In experiment No. 14, before the beginning of the procedure, the blood

pressure amounted to 105 ram; the pulse was 72 per rain; respiration was

deep, its rate 24 per rain. The intrapleural pressure on the right side of

the chest was equal to 20 mm of water. Over a period of 30 sec the intra-

pulmonary pressure rose to 34 ram, at which level it was maintained for

40 sec. Thereby the blood pressure dropped to 16 ram; the pulse, to 228

per min; apnea occurred. In the 35th second of the effect of greatest
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intrapulmor_ary,p_'essure the intrapleural pressure was equal to 52 mm of

water. The intrapulmonary pressure dropped to atmospheric in one second.

Ten seconds later the blood pressure was 145 ram; the pulse, 144; there

was apnea; the intrapleural pressure was equal to 50 ml of water. The

first in,_piration occurred after 30 sec.

The clinical picture 120 sec after reduction of intrapulmonary pressure

was as follows: blood pressure 110 mm Hg; pulse, 108; respiration

deep, i_s rate 28 per rain; intrapleural pressure, 50 ml of water.

TABLE 1

The occurrence of pulmonary pressure trauma (in numbers of eases)

Kind 3f

anim_ 1

Total

number of

experiments

DegFee of intrapulmonary pressure (in mm Hg) at which pulmonary

pressure trauma occurs

10-20 21-30

Cats ..... 46 11 11

Dogs 2 -- --

Total.. 48 11 11

31-40

13

1

14

41-50 51-60

10 1

-- 1

10 2

The 3at was killed 20 rain after the reduction of intrapulmonary

pressure to atmospheric. At autopsy emphysema of both lungs was found;

there was a large number of punctate and focal hemorrhages on the costal

surface and at the lung roots. No other changes were found.

For the purpose of determining the intrapulmonary pressure at which

pulmonary pressure trauma occurs, 46 experiments were performed on

cats and two on dogs; the data obtained is shown in Table 1.

Pneumothorax in pressure trauma first occurred on one side, as a rule.

Further increase in the intrapulmonary pressure or increase in duration

at the same pressure leads to pneumothorax on the other side also.

Of the 48 experiments presented, pulmonary pressure trauma occurred

in 10 when the animal breathed oxygen. In these cases pneumothorax

occurred at the same degrees of intrapulmonary pressure as when cats

breathe air.

At mltopsy emphysema of both lungs and a large number of punctate and

(in some experiments) focal hemorrhages were found in all animals. Gas

bubbles were found around the blood vessels of the lung roots, sometimes

in the mediastinal tissues.

All the experiments of this series showed that at a pressure of less than

60 mm Hg pulmonary pressure trauma was never accompanied by arterial

gas embolism.
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TABLE 2

The occurrence of arterial gas embolism in pulmonary pressure trauma (number of cases)

Degree of intra-

pulmonary pres-

sure (inmm Hg)

60-100

101-140

141-200

Number of

experiments

27

39

8

Pulmonary pressure trauma

without arterial gas embolism

Pulmonary pressure trauma with

arterial gas embolism

Cats Dogs

18

20 1

4 1

42 2

Cars

9

17

3

Dogs

1

Total t4 29 1

TABLE 3

Pulmonary pressure trauma as a function of rapidity of increase

of the intrapulmonary pressure (number of cases)

Number ofIntr*tpulmonary

pressure (in mm Hg)

Duration of increase of intrapulmonary preuure (in sec)

experiments 1-5 10- 30

10--30 ....... 22 6 16

31 --60 ....... 26 13 13

Total ...... 48 19 29

TABLE 4

Arterial gas embolism in pulmonary pressure trauma as a function of rapidity of increase in the

intrapulmonary pressure from 60 to 100 rnrn Hg (number of cases)

Nature of expression

of pulmonary pressure

trauma

Without arterial gas

embolism

Wi_ arterial gas embolism

Totali

Number of

experiment*

44

30

74

Duration of increase in intrapulmonary

preasure (in see)

1-5

19

13

32

I0-30

25

42
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Subsequently, 71 experiments were performed on cats and three on dogs

to determine the degree of intrapulmonary pressure at which pressure

trauma of the lungs is accompanied by gas embolism of the blood vessels.

The results obtained are shown in Table 2.

From ]'able 2 it is evident that with increase in the intrapulmonary

pressure from 60 to 200 mm Hg, pulmonary pressure trauma with arterial

gas embolism occurred in 30 out of 74 experiments (40.5%}, i.e., pulmonary

pressure lrauma was observed more often unaccompanied by gas embolism.

Increase ia the intrapulmonary pressure above 140 mm Hg does not result

in the more frequent occurrence of arterial gas embolism. We believe

that arterial gas embolism occurs in an animal when the appropriate

anatomical and physiological conditions are created for gas entering the

arterial blood stream. In other cases it enters the mediastinal tissue,

tissue of the retroperitoneal space, and subcutaneous tissue of the upper

portion of the chest and neck. In most experiments further increase in

pressure only increases the gas entering these areas.

A comparison of the results obtained from the breathing of air and of

oxygen shows that the nature of the gas mixture has no essential influence

on the occurrence of arterial gas embolism in pulmonary pressure trauma.

Thus, wit_ breathing of air, embolism of the blood vessels was observed

in 25 out of 60 animals (41.7 %); with oxygen, in 5 out of 14 (35.7 %).

Autops F on the animals showed that increase in the intrapulmonary

pressure leads to a great accumulation of gas in the mediastinal tissue,

tissue of the retroperitoneal space, neck, and chest. In the case of pul-

monary pressure trauma with arterial gas embolism, in cats a considerable

number ot gas bubbles was found in the medium- sized and small arteries.

An interesting characteristic was observed: in animals with pulmonary

pressure trauma and arterial gas embolism, considerably more air

accumulal:ed in the tissue of the anterior mediastinum and neck; in animals

without gels embolism under the influence of the same degrees of intra-

pulmonary pressure, the gas more frequently went into the tissue of the

posterior mediastinum and retroperitoneal space. This fact confirms our

opinion that in pulmonary pressure trauma, aside from the degree of intra-

pulmonary pressure, a great part is played by anatomic characteristics,

which have an influence on the direction of movement of the gas in the body.

A study of the effect of rapidity of increase of intrapulmonary pressure

on pressure trauma of the lungs showed that with extension of the period

of such increase, pulmonary pressure trauma tended to occur at lower
pressures (Table 3).

As is evident from Table 4, in these experiments the effect of the

rapidity of pressure increase on the occurrence of gas embolism is manifest.

Tables 5 and 6 show the results of experiments on the occurrence of

pulmonary pressure trauma and accompanying gas embolism as a function

of the duration of action of maximum intrapulmonary pressure.

As is _vident from Table 5, the longer the period of action of the

maximum intrapulmonary pressure the more frequently pneumothorax

occurs al a lower pressure.

As is evident from Table 6, increase in the period of action of the

maximum intrapulmonary pressure leads to the more frequent occurrence

of pulmonary pressure trauma accompanied by arterial gas embolism.
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TABLE 5

Pulmonary pressure trauma as a function of the duration of action of intrapulmonary pressure

(number of cases)

Intra.pulmonary

pressure

(in. mm Hg)

Number of

experiments

Duration of action of intrapulmonary pressure (in sec)

1-20 21-40 41-60

10-40 36 11 18 7

41-60 12 6 5 1

Total 48 lq 23 8

TABLE 6

Arterial gas embolism in pulmonary preSSure trauma as a function of the duration

of action of intrapulmonary pressure, from 60 to 2O0 mm Hg (number of cases)

Nature of expression

of pulmonary

pressure trauma

Number of

experiments

Duration of actionof intrapulmonary pressure
Cin see)

1-20 21-40 41-80

Without arterial gas
em bol_m 44 22 15 7

With arte:ial gas embolism 30 13 11 6

Total 74 35 26 13

To determine the effect of a repeated increase in the intrapulmonary

pressure on the occurrence of arterial gas embolism in pulmonary pressure

trauma, we performed experiments on 57 animals with induced pulmonary

pressure trauma in which the intrapulmonary pressure was increased

from 2 to 6 times in each experiment. In all, in 57 experiments the

pressure was increased repeatedly 207 times. In 148 cases the intrapul-

monary pressure was increased from 10 to 60 mm Hg; in 59 cases, from

61 to 200ram Hg. Of this number (59) the pressure in 20 experiments was

raised again in animals with pulmonary pressure trauma accompanied by

arterial gas embolism.

Out of all 207 cases, gas bubbles reappeared in the cannula traps when

the intraputmonary pressure of 80--120 mm Hg was reached in only 2 animals.

When 1:he pressure was raised a second time arterial gas embolism

occurred in one cat which had previously had gas embolism; in another cat

it occurred for the first time.

The; second pressure rise always led to the entrance of additional gas

into the intrapleural space, the mediastinal tissue, retroperitoneal space,

225



neck, and chest, causing a deterioration of the course of pulmonary

pressure trauma.

Discussion of Results

The experiments performed showed that pneumothorax in dogs and

cats a:ways occurs when the intrapulmonary pressure is raised from 10

to 60 ram Hg.
We determined the occurrence of pulmonary pressure trauma by the

appearance of positive intrapleural pressure and by results of autopsy.

The possibility cannot be denied that pneumothorax occurs without injury

to the visceral pleura or change in the intrapleural pressure when the gas

can enter the interstitial spaces of the lung roots. Nevertheless, the data

obtained in our experiments permitted us, with a certain degree of

reliab:lity, to make dynamic observations of the changes occurring as a

result of pulmonary pressure trauma.

Arterial gas embolism accompanying pulmonary pressure trauma

occurred in our experiments only with increase in the intrapulmonary

pressure from 60 to 200 mm Hg (in 30 out of 74 experiments).

It should be noted that the occurrence of arterial gas embolism in

pulmonary pressure trauma in the cat or dog was judged by the appearance

of visible gas bubbles in the cannula traps and, at autopsy, in small and
medium- sized arteries of the leaft heart.

There is the possibility that in pulmonary pressure trauma invisible

gas bubbles may form and penetrate into the blood stream, but our method

did not permit such a determination.

On the basis of data obtained in these experiments it may be supposed

that a determinative factor in the occurrence of pneumothorax in cats and

dogs with pressure trauma is the physiological limit of resistance of lung

tissue to the intrapulmonary pressure created. This resistance differs

in each animal but is equal to no more than 55--60 mm Hg.

The increased duration of the effect of intrapulmonary pressure reduces

the capacity of the lung tissue for withstanding the pressure created, and

pulmo,_ary pressure trauma occurs at a lower pressure.

It cannot yet definitely be explained why at a pressure above 60 mm Hg

arterial gas embolism accompanies pulmonary pressure trauma in some

cases and not in others. It may only be supposed that the occurrence of

arterial gas embolism in pressure trauma depends on some anatomic or

physiological conditions which are responsible for gas entering into the

blood _tream or mediastinal tissue, tissue of the retroperitoneal space,

the neck and chest when the pressure exceeds 60 mm Hg. Thus, gas

embohsm occurred most often when the intrapulmonary pressure was

between 60 and 130 mm Hgwhile subsequent increase inthe pressure rarely

produ(ed it. Increase in the duration of action of intrapulmonary pressure

leads 1:o the more frequent occurrence of gas embolism, but only up to a
certain limit.
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Conclusions

i. Pneumothorax occurs in dogs and cats when the intrapulmonary

pressure is increased from 10 to 60 mm Hg, most often between 20 and

40 mm Hg.

2. Increase in the duration of action of intrapulmonary pressure causes

pressure trauma of the lungs at lower pressures.

3. In some cases of pulmonary pressure trauma visible arterial gas

embolism can occur when the intrapulmonary pressure is raised above

60 mm Hg and is accompanied by the simultaneous entrance of a large number

of gas bubbles into the left heart and the arteries of the entire body of

the anita al.

4. ThE; nature of the gas mixture breathed is of no essential importance

in the mechanism of occurrence of pulmonary pressure trauma or

accompanying arterial gas embolism.
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Yu. M. Polumiskov

THE PROBLEM OF THE EFFECT OF BREATHING OXYGEN IN THE

RESORPTION OF GAS EMBOLI IN THE VASCULAR SYSTEM OF AN

ANIMt%L AND ON THE COURSE OF PULMONARY PRESSURE TRAUMA

(K voprosu o vliyanii dykhaniya kislorodom na rassasyvaemost'

gazovykh embolov v krovenosnoi sisteme zhivotnogo i techenie

barotravmy legkikh)

According to available bibliographic sources on animal experiments,

the significance of breathing oxygen in pulmonary pressure trauma with

arterial gas embolism has not been studied to date. However, the works
of P. Ber (1878), B. D. Kravchinskii and S. P. Shistovskii (1936),

V.A. Alekseev (1945), A.P. Brestkin (1952), and others have proved that

the use of oxygen is very effective in accelerating the resorption of nitrogen

by the body, and in prevention and treatment of decompression sickness.

With the aim of determining the effect of breathing oxygen on resorption

of gas bubbles in the blood vessels with pulmonary pressure trauma, we

performed 17 experiments on cats.

Method

The method of performing these experiments has been described, by and

large, in our articles, "The Problem of the Mechanism of Occurrence of

Pulmonary Pressure Trauma During the Breathing of Air and Oxygen" and

"The P:oblem of Treatment of Pulmonary Pressure Trauma", published
in this collection.

In fi_e experiments, animals were switched to breathing oxygen 30--50

rain before beginning the increase in intrapulmonary pressure. Then

pulmonary pressure trauma was produced, accompanied by arterial gas

emboli,,_m. Where necessary, gas was aspirated from the pleural cavities

of the animal. After recovery of respiration and circulation the cat

continued to breathe oxygen. The degree of reduction of gas bubbles in the

blood sLream was determined by the change in their number in the cannula

trap of the left carotid artery. At the end of the experiment the animal

was kilted, and an autopsy was performed.

In five experiments pulmonary pressure trauma with arterial gas

emboli,_m was produced with air. Twenty seconds after pressure was

reduced to the initial level, the cat was switched over to breathing oxygen

for the rest of the experiment.

228



In seven animals pulmonary pressure trauma was produced with air

alone, which was breathed throughout the entire experiment. These

experiments served as the controls.

Results

Table 1 shows the results of the first group of five experiments, where

oxygen was breathed throughout.

TABLE 1

The effect of breathing oxygen on the resorption of gas emboli in blood vessels during pulmonary pressure

trauma (intrapulmonary pressure was raised with oxygen)

Number of

experiment

75

8S

80

8_;

85

Quantity of gas in

cannula trap with

occurrence of pul-

monary pressure
trauma

0.4--0.5 ml

0.I ml

1.2--1.4 ml

1.5--1.6 ml

1.5--1.6

Period of

breathing oxygen

32 min

60 min

1 hr 36 rain

2 hrs 25 min

2 hrs45 rain

Quantity of gas

in cannula trap at

end of experiment

0.4--0.5 ml

6 gas bubbles

2 gas bubbles

20 gas bubbles

2] gas bubbles

Characteristics of pathological

picture found at autopsy

Gas bubbles in the medium-

sized and small arteries, in

the left atrium and ventricle.

and coronary arteries

Several gas bubbles in the
mesentetic arteries cf the small

intestines

No gas in blood vessels or
cardiac chambers

The same

The same

N o t e. All the animals were in a satisfactory condition until the end of the experiment. Where the

exact quantity of gas in the cannula trap could not be determined in ml. the number of gas bubbles found

is given instead in the tables.

F]_om Table 1 it is evident that with the occurrence of pulmonary

pressure trauma 1 animal had about 40 gas bubbles (0.1 ml) in the cannula

trap; 1 had about 0.5 ml of gas; and 3 had from 1.2 to 1.6 ml of gas. In

one cat, which breathed oxygen for 32 rain, no reduction in the quantity of

gas was noted. Two cats breathed oxygen from 1 to 2 hrs; 2, from 2 to

3 hrs. In these 4 animals only several gas bubbles remained in the

cannula trap at the end of the experiment. The emimals were killed, and

at autopsy the following was found: in 2 animals which had breathed

oxygen for 32 and 60 rain respectively, gas bubbles were found in the small

and rnedium- sized arteries of the mesentery and small intestine, and in

the coronary arteries; in the other 3, which had breathed oxygen for more

than an hour, no gas was found in the blood vessels or in the cardiac

char_ber. No disturbance of respiration or circulation was found in any

of the cats during the entire experiment.

In another group of experiments, five cats were switched over to

breathing oxygen 20 sec after the occurrence of pulmonary pressure trauma

(Tab]Le 2).
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The effect of breathing oxygen on the resorption

(the intrapulmonary

TABLE 2

of gas emboli in blood vessels in pulmonary pressure trauma

pressure was raised with air)

E
",7.

x
02

E
z

99

103

96

89

98

0.1

0.1

0.1

0.6--0.?

0.6--0.7

1 hr 25 min

1 hr 25 min

2 hrs

2 hrs 55 min

2 hrs

.E E

x

_o

No gas

Same

1 bubble

oo=

:= o

Satisfactory

Same

Death

Characteristics of pathological

pictures found at autopsy

In the blood vessels and in

cardiac chambers gas was

absent

Same

Several gas bubbles in the

right atrium only

In Table 2 it is shown that in 3 out of 5 cats there were as many as
40--50 gas bubbles.(0.1 ml) in the cannula traps; in 2 others, 0.6--0.7 ml.
The first 3 cats breathed oxygen from 1 hr and 25 rain to 2 hrs, and the

gas bubbles of the cannula traps were completely resorbed. Two cats
with a large quantity of gas in the cannula trap breathed oxygen for 2 hrs
and 55 n:in. In one of them gas bubbles were resorbed; in the other, only
1 bubble remained, but the animal died, and the experiment was stopped.
Four out of five cats remained in a satisfactory condition until the end of

the expe_rimento and then were killed. At autopsy no gas was found in the
blood ve_sels or cardiac chambers of these animals. In the cat which

died several gas bubbles were found in the right atrium, but there was no

gas in the arteries or veins of the body or internal organs.
In the third group of experiments 7 cats breathed air throughout the

experiment (Table 3).
From Table 3 it is evident that in the third group of experiments

pulmonacy pressure trauma was accompanied by the entrance of no more
than 40--50 gas bubbles (0.1 ml) into the cannula traps. Two out of seven
animals were killed 55 rain after increase in the intrapulmonary pressure.
Until the end of the experiment the quantity of gas in the cannuia trap
remaine5 practically unchanged. At autopsy gas bubles were found in the
medium-- sized and small arteries of the internal organs and body of the
animal. There was no gas in the cardiac chamber. Two of the animals
died after 1 hr and 11 rain and 1 hr and 43 rain. In the first the quantity of

gas in the cannula trap remained as before; in the second, the gas was
resorbed. At autopsy gas bubbles were found in both the mesenteric
arteries of the small intestine. T_ere was no gas in the other blood
vessels and cardiac chambers. Three cats breathed air from 2 hrs 40 rain
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to 3 hrs and 55 min. In 1 the gas was completely resorbed toward the

end oJ the experiment; in 2 others, the number of gas bubbles simply

decreased. One of these 2 animals died; the other 2 were killed. In 1 out

of 3 animals gas bubbles were found at autopsy in the mesenteric arteries

of the large and small intestines. In the other 2 gas was absent from the
blood vessels and cardiac chambers. Therefore, in only 2 out of 7 animals

were the gas bubbles in the cannula trap resorbed as the experiment

continued; in the other 5 the number of gas bubbles remained as before

or decreased very slightly. In addition, on breathing air 3 out of 7 animals

died.

At autopsy we found a characteristic feature; in all 5 cats which had

breathed air for more than an hour, punctate hemorrhages the size of a

pinhead were found under the epicardium, along the courses of the coronary

vessels and in the vicinity of the mesenteric arteries of the small and

large intestines. In some an2mals these hemorrhages became confluent,

form:rig an area the size of a kopeck coin.
The mechanism of occurrence of these hemorrhages is unclear, but we

believe they were formed at the place at which gas emboli were found,

because none of the 10 animals breathing oxygen showed any hemorrhages.

Probably, the very slow solubilization of gas bubbles during the breathing
of air led to breaks in the blood vessels. As the result of this, at the

sites of injury to the blood vessel wall blood extravasated into the surround-

ing tissues. The formation of a thrombus is difficult under such conditions,

because the animals had first been given a large quantity of heparin.

Discussion of the Experimental Data

The results of our experiments showed that resorption of gas bubbles

in the blood stream occurs more rapidly in animals breathing oxygen than

in those breathing air. Usually 2--3 hrs of continuous breathing of

oxygen was sufficient for the complete disappearance of gas bubbles from

the cannula trap in the carotid artery and peripheral blood vessels. The

change in the number of gas bubbles in the cannula trap corresponded

essentially to the nature of changes in gas emboli in the animal's blood

vessels. Resorption of gas bubbles occurs somewhat more slowly in the
cannula trap than in blood vessels; at autopsy we frequently failed to find

gas in the arteries, while gas bubbles were still being found in the cannula

trap.

The experiments we performed with creation of pulmonary pressure

trauma and arterial gas embolism permitted us to determine the effect of

the nature of the gas mixture being breathed (oxygen and air) on the course

of the disorder. Pulmonary pressure trauma and arterial gas embolism

were observed in 30 [sic] animals.

Five out of 30 animals breathed oxygen during the experiment and

remained in good condition (100 %) until the end of the experiment.

In 8 [sic] animals pulmonary pressure trauma was produced by air

pressure. Twenty seconds after the air pressure was reduced they were

switched over to breathing oxygen. Four of them died (50 %); the others

remained in a satisfactory condition throughout the experiment.
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During the entire experiments 17 [sic] animals breatheci air. During

the experiment 10 (58.8%) died; the rest were killed.

On the basis of the data presented it may be considered that the composi-

tion of the mixture being breathed exerts an influence not only on the

resorption of gas bubbles in the blood stream but also on the subsequent

course of pulmonary pressure trauma.

Conclusions

1. Pulmonary pressure trauma caused by an increase in oxygen

pressure: in the lungs with subsequent breathing of oxygen after reduction

of pressure is distinguished by more favorable development than in the

case of breathing air alone.

2. The breathing of oxygen for 2--4 hrs by animals with pulmonary

pressure: trauma and arterial gas embolism leads to complete absorption

of gas ernboli in the blood stream. In the case of breathing of air the

solubilization of the gas bubbles occurs much more slowly, and at autopsy

multiple hemorrhages are found in the animals along the courses of the

coronary blood vessels, mesenterie arteries, of the small and large

intestines, and those of other organs.
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Yu.M. Polumiskov

THEPROBLEMOFTREATMENTOFPULMONARYPRESSURETRAUMA

(Kvoprosuo lecheniibarotravmylegkikh)

Thebasicmethodfor treatingpulmonarypressuretrauma is
therapeuticrecompression,asproposedbyPolakandAdams(1932).
However,in somecasesthis is impossibleor toodelayed.Therefore,
greatsigMficanceis ascribedto methodswhichcanalleviatethepatient's
conditionbeforerecompression.Wehavebeenunableto find any
experimentalworkalongthis line.

In performingexperimentsonthemechanismof occurrenceof pulmonary
pressuretraumawesimultaneouslystudiedtheeffectof activeremoval
of excessgas(suction)from theintrapleuralspaceintowhichthegashad
enteredthroughruptureof thelungtissue.

Theexperimentswereperformedoncatsof bothsexes. Themethod
hasbeendescribedin thearticle, "TheProblemof theMechanismof
Occurrenceof PulmonaryPressureTraumaDuringtheBreathingof Air
andOxygen",publishedin this collection. Thegaswassuckedoutwitha
syringethroughthesidearmof arubbertubeconnectedinto thesystem
for recordingtheintrapleuralpressure.

Resultsof theExperimentsandDiscussion

Whenpulmonarypressuretraumaoccursin a cattheintrapleural
pressurebecomespositive, sometimesreaching10--60mmHg. After
reducingtheintrapulmonarypressurewhichhascausedthetrauma, the
intrapleuralpressuredecreasesin 1--4 rain, butalmostalwaysremains
positive. As arule, theanimaldevelopsdyspneawhichis frequently
accompaniedbyafall in bloodpressureandsubsequentdeath.

For thepurposeof improvingtheanimal'sconditionandsometimes
for revivingit weremovedtheexcessgasbysuction. Thequantityof gas
removedrangedfrom 20--2,000ml in variousexperiments.Thesuction
wasstoppedif thepressurein thesuctionsystemreached- 40--50mmHg.
In Figure1akymogramof experimentNo.92dated5October1960is shown,
whichgivesanideaof thechangesoccurringin pressuretraumaof the
lungsancof theeffectivenessof usingsuctionin this case.

As anillustrationanabstractfrom therecordis presentedbelow.
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Recordof ExperimentNo.92dated5 October 1960

2.26p. m.--bloodpressure ll5mm; pulse, 156; respiration, 22,

deep. The intrapleural pressure on right and left sides, 2 mm Hg.

2.27 p.m. -- in 3 sec the intrapulmonary pressure rose to 120 mm,

and was maintained at this level for 25 sec, after which it dropped in 1 sec

to atmospheric pressure. When maximum intrapulmonary pressure was

reacheflthe blood pressure dropped to 40 mm; there was no pulse or

respiration; the chest was expanded. The intrapleural pressure on the

right pleural cavity was +96 mm; in the left, +100 ram. There was no gas

in the cannula trap. The arterial blood was clear.

During the 60 sec following reduction of intrapulmonary pressure to

atmospheric the blood pressure increased twice; apnea was noted, and

the blood in the cannula traps was dark. At the same time, suction of gas

from the right and left pleural cavities was begun with a syringe. Suction

from the right cavity was stopped shortly afterwards because the pressure

in the _uction system fell to - 40 mm Hg.

Six minutes after the occurrence of pulmonary pressure trauma, when

respiration and blood pressure became normal, suction was stopped. The

blood pressure was 130 mm; the pulse, 132; respiration, 18 per rain.

Intrap]eural pressure in the right pleural cavity was -- 10 ram; in the left,

-- 4 ram. The animal was killed after 10 rain.

At autopsy, pulmonary emphysema was found. The lungs were covered

with a mass of punctate and focal hemorrhages. There were gas bubbles

around the blood vessels of the lung roots. A considerable quantity of gas

was present in the mediastinal tissue and tissue of the retroperitoneal

space. There was no gas in the blood vessels or cardiac chambers.

Our experiments showed that suction of gas gives a definite positive

effect in cases of severe pressure trauma of the lungs. When further

suction proved impossible because of the marked reduction of intrapleural

pressure, we used what we called "pumping" with this method, oscillations

at a rate of 80--100 per min are made with the plunger of the syringe and

pressure variations ranging from +30 to - 40 mm Hg are produced in the

suction system.

By using "pumping" we attempted to renew the possibility of further

suction. The mechanism of action of '_pumping" is not yet entirely clear

to us, but this measure, in a number of cases, made it possible to

revive the animals.

In our experiments suction was used in animals with pulmonary

pressure trauma after intrapulmonary pressure was increased from 60 to

200 r_m Hg. The results obtained are shown in the table. In Figure 2 a

kymo_ram is shown of experiment No. 82 of 9 August 1960.

From the kymogram it is evident that with increase of intrapulmonary

pressure to 70-- I05 Hg both gas cannula traps were completely filled

with _as. As a result of intrapulmonary pressure reduction a brief rise

in the blood pressure was noted with a subsequent fall to 30 mm Hg. There

was ro pulse or respiration. The circulation in the traps stopped. The

blood was dark. With the onset of the blood pressure drop, suction was

begur from the left interpleural space; this was stopped shortly afterwards

because of the marked reduction of pressure in the suction system. On

the right side, suction was also impossible for this reason. Therefore,

"pumping" was used on the right side, making possible renewed suction
on the left side. Four minutes after suction slow circulation began in
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the gas cannula trap. After 8 min suction was stopped. The blood

pressure, pulse and respiration were completely restored.

TABLE

ResuLts of using suction of gas from pleural cavities of an animal with pulmonary pressure trauma

Intrapulmonary pressure

(inmm Hg)

Number of

Results of use of suction in

experiments

pulmonary pressure trauma

with arterial gas embolism

improvement of

animal' s condi-

tion

60--100 21 6

101--200 34 10

Total 55 16

death

1

9

10

pulmonary pressure trauma

without gas embolism

improvement of
animal' s condi- death

tion

14

13 2

27 2

As the table shows, suction was beneficial for 43 out of 55 animals

(78.2%); the remaining 12 (21.8%) died. With pulmonary pressure trauma

accompanied by arterial gas embolism, death was observed in I0 out of

26 animals (36.1%); without gas embolism, in 2 out of 29 (6.9%).

Therefore, the effectiveness of suction was considerably less in animals

with pulmonary pressure trauma accompanied by gas embolism.

In experiments where intrapulmonary pressure was increased from

60--I00 mm Hgthe use of suction gave a positive result in 6 out of 7 animals

(85.7 %) with pulmonary pressure trauma and gas embolism in the blood

vessels, and in all 14 with pulmonary pressure trauma without gas

embolism. At the same time, the effect of [suction with a] pressure from

i01--200 mm Hg provided an improvement in the conditions of 10 out of
|

19 animals (52.1%) with pulmonary pressure trauma and gas embolism, and

in 13 out of 15 (86.6%) with pulmonary pressure trauma without gas

embolism. Death occurred in 1 out of 21 animasl (4.8 %) with increase in

the intrapulmonary pressure from 60--100mm Hgandin 1 1 outof 34 (32.4%)

when the pressure created was from 101--200ram Hg, i.e., the effectiveness

of suction was reduced with increase in the intrapulmonary pressure.

To check the effectiveness of suction of gas from the pleural cavities

in the more severe form of pulmonary pressure trauma, and to determine

the role_ of arterial gas embolism in the results obtained, we used suction

of gas in 50 experiments with repeated increases of intrapulmonary

pressure without the occurrence of gas embolism. In these experiments

the effect of gas emboli on the outcome of pulmonary pressure trauma was

eliminated to a certain degree. Repeated increase in the intrapulmonary

pressure was always accompanied by the additional entrance of gas into

the pleural cavities, tissues of the mediastinum, neck, and retroperitoneal

space, causing a deterioration of the course of pulmonary pressure trauma.

In experiments with a repeated increase in the intrapulmonary pressure,

suction failed to produce results in 2 out of 10 animals (20 %) which had

previously suffered from pulmonary pressure trauma with arterial gas

embolism and in 7 out of 40 animals (17.5 %) with pulmonary pressure

trauma but without gas embolism.

On the basis of the data obtained we believe that the effectiveness of

suction consists mainly of eliminating the effect of the associated pneumo-

thorax on the course of pulmonary pressure trauma, and that it does not
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eliminate the effect of arterial gas emboli on the animal organism.

Autopsy of the animals also showed that suction does not appreciably

reduce the quantity of gas entering the interstitial spaces of the chest and

abdominal organs when pressure trauma of the lungs occurs.

As a control, experiments without suction of gas were performed on 23

animats )vith pulmonary pressure trauma. In 7 of the 23 experiments the

intrapalmonarypressure rose from 60 to i00 mm Hg; in 16, from I01--

200 m:n Hg. A comparison betweenthe number of deaths which occurred in

experiments using suction of gas and in control experiments shows the

following: with increase in the pressure from 60 to 100mmHg 5 out of 54

animals died (9.2%) when suction was used, and l out of 7 (14.3%) died

when :t was not used; at pressures from i00--200 mm Hg 16 out of 51

animals (31.4%) died when suction was used, and 13 out of 16 (81.2%) died

when :t was not used. Thus, it is evident that suction of gas considerably

reduces the number of deaths in animals in which the intrapulmonary

pressure rose above 100 mm Hg.

"Pumping" was used in 15 experiments. In 6 animals it gave positive

results; the other 9 died. We believe that marked variations in the intra-

pleural pressure in "pumping" produce an additional marked stimulation

of receptors of the chest organs, contributing to recovery of the

circulation and respiration.

In our opinion, the positive result attained from suction of the gas is

explained by the fact that with the occurrence of pulmonary pressure trauma

the gas enters the pleural cavities, mediastinal tissue, tissue of the retro-

peritoneal space and other organs. By suction the gas is readily removed

from Lhe interpleural spaces of both lungs, and probably a certain quantity

of the gas is removed from the mediastinal tissue.

It may be supposed that suction creates a negative pressure in the

inter_leural cavity; the ruptured part of the lung is appressed against the

parietal pleura and subsequently the lung can function under conditions

which greatly correspond to those normally existing in the animal's body.

Removal of the excess gas not only eliminates the mechanical impedi-

ment to cardiovascular activity but also reduces the strength of stimulation

of the receptors of the internal organs, which also has a positive effect.

In some experiments, after a certain period of time, a positive intra-

pleural pressure recurred in the animals, accompanied by dyspnea.

Repetition of suction in this case caused a rapid improvement in the animal's

condi:ion.

Conclusion

Active removal of the excess gas from the interpleural cavities of an

animal with pulmonary pressure trauma assures an improvement in its

condition without the use of therapeutic recompression.
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P. V. Oblapenko

THE ROLE OF PROPRIOCEPTIVE IMPULSES FROM THE CHEST AND

ABDOMINAL MUSCLES IN THE REACTIONS OF THE BODY DURING

RESPIRATION UNDER INCREASED INTRAPULMONARY PRESSURE

(Rol' impul'sov s proprioretseptorov grudnoi kletki i myshts zhivota

v reaktsiyakh organizrna pri dykhanii pod povyshennym davleniem v legkikh)

Througlh the studies of many authors (Coombs, Pike, 1922, 1930;

W. Hess, 1931; Fleisch, 1930, 1931; Beccari, 1933; Sergievskii et al.,
1950, 1958; and others) it was determined that reflexes from the

proprioceptors of the muscles of the chest, diaphragm and rib joints
participate in the regulation of respiration.

It was therefore natural to expect that in respiration under increased

intrapulmonary pressure, the role of proprioceptive impulses in the

reactions of the body increases.

The experiments of V. A. Vinokurov (1944, 1!)49) showed that after cutting

the abdominal muscles in dogs under ordinary conditions of respiration the

blood pressure drops 10--20 mm Hg, while cutting the abdominal muscles

in vagotomized and desympathized animals leads to an even greater drop

in blood pressure (by 30--50 mm Hg). During respiration under increased

intrapulmonary air pressure of 200 mm H20, a preliminary section of the

abdominal muscles led to slower stabilization of the blood pressure, and

after additional vagotomy and desympathization no stabilization of the blood

pressure occurred at all -- on the contrary, it continued to drop

progressively; the respiratory movements became slower, expiration

lessened, and, finally, breathing stopped.

V. A. Vinokurov observed respiratory changes after increased air

pressure in the lungs when the proprioceptive respiratory impulses had

been partially excluded (only the abdominal muscles were cut). Therefore,

it may be supposed that complete exclusion of the proprioceptive reflexo-

genic zone_s would lead to greater respiratory disorders, an assumption

which is confirmed by data in the literature.

M. V. Sergievskii (1958), on the basis of clinical observations of

B. Ya. Peskov, points out that with lesions of the cervical and thoracic

portions of the spinal cord (in syringomyelia and syringobulbia), diaphrag-

matic respiration and asynchrony of synergistic respiratory muscles --

external intercostal muscles and diaphragm -- sometimes lessen markedly,

even to the point of complete dissociation. Under experimental conditions

a unilateral section of the posterior roots of the cervical and thoracic parts

of the spinal cord of animals led to asynchrony of the respiratory movements
of both sides of the chest.
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C_arobservationsof dogswitha lowvagotomyshowedthatalthoughthe
"toneof their respiratorymusclesdecreasedduringbreathingunderin-
cre_Lsedintrapulmonarypressure(whichw,asir_dicatedby anincreasein
thesizeof thechestandabdomen),in thegreatmajorityof casesthe
strengthof muscularcontractionwassufficientfor expiration.

This factindicatedthatthereflexeswhichincreasethetoneoftherespira-
tor3musclesandleadtotheir contractionstartnotonlyfromthepulmonary
receptors(Popov,1949;Kuznetsov,1957;andothers)butalsofromother
interoceptivezones.Evidentlj,,suchreflex influences(trigger, tonicizing
andcorrective)alsocomefrom musclesandligamentsof thechestand
abdomen.Theexperimentsof V.A.Vinokurovandothershavenotprovided
a directanswerto this. Incidentally,V.A.Vinokurov,usingsectionof the
abdominalmuscles,notonlycutoff theproprioceptiveimpulsesbutalso
injuredthemusclesthemselves.

All the above data and our own observations indicated the need for a

special investigation aimed at determining the role of increased proprio-

ceptive impulses from the chest and abdominal muscles in the regulation

of ,respiration and circulation with increased intrapulmonary pressure.

Method

The study consisted of short- term experiments on five dogs in which

the flow of proprioceptive impulses to the central nervous system was

fire;t surgically cut off. The method of high section (at the level of the

second cervical vertebra) of the posterior columns of the spinal cord

(Goll and Burdach) was used; as is well known, these are the conductors

of deep sensation (proprioceptive, vibrational and cutaneous two- dimen-

sioaal), This method was used for studying the afferent sy.stems in the

laboratory of L.A. Orbeli as well as by L.S. Gambaryan (1953) for the

stuJy of conditioned reflexes from the propriocepter muscles and by

V. ]_. Zagryadskii (1955) for determining the role of proprioceptive impulses

in 1he course of hypoxemic convulsions.

The short-term experiments were performed on dog_ 3--4 weeks (and

in once case, a year) after such an operation.

The initial surgical preparation (to the time of cutting into the femoral

vein for the injection of a hexenal solution) was carried out under brief

superficial ether anesthesia. The entire subsequent preparation for the

experiment and the experiment itself were conducted using hexenal

anesthesia (calculating 40--60 mg/kgof body weight). During the experi-

ment a record was made of thoracic and abdominal respiration, blood

pressure in the femoral artery, pressure of the gas medium in the

re_piratorytract; in two experiments, blood pressure in the right
ve_ltricle was also determined.

Increase in intrapulmonary pressure was created by means of KPT or

KF'- 24 oxygen apparatuses. The pressure amounted to 300--550 rnm H20.

At the end of the experiments the spinal cords of the dogs operated on

were checked anatomically and histologically.
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Results of the Experiments

The results of the experiments performed on five dogs were unitypical.

After inc,:eased intrapulmonary pressure in dogs with severed posterior

columns of the spinal cord, all the basic changes in respiratory and

circulatory functions characteristic of. the initial period of respiration

under increased intrapulmonary pressure were noted (apnea, and then slow

respiration, marked decrease in the blood pressure, etc.). However,

unique features were also noted.

As a result of the considerable loss of tone of the respiratory muscles

of the chest and particularly of the abdomen at the time of increase of

intrapulmonary pressure, a greater expansion of the chest and a marked

enlargement of the abdomen occurred (Figure 1).

TABLE 1

Change in the respiratory rates of dogs with severed posterior columns of the spinal cord during

respiration under increased intrapulmonaty pressure

No. of !Pressure
Basic after increase in pressure

experi- (in mm
data

ment HsO) imme- after after

diately 1 rain 3 min

1 550 8 apnea 13 --
14 sec

2 550 8 apnea 15 --
25 sec

3 400 12 4 6 6

4 300 10 apnea apnea apnea

5 300 11 apnea

Respiratory rate ( 1 min)

after reduction of pressure
Note

imme- after after

diateiy 1 min 3 min

6 12 -- breathingair

apnea 14 ii same
13 sec

8 13 12 breathing

oxygen

8 10 10 same

10 12 12

The results of one of the experiments are shown on Figure 1. After

prolonged respiratory arrest in inspiration following the increase in intra-

pulmonary pressure to 300 mm H20, expiration occurred only after 1.5 rain;

it was effected essentially by the chest muscles, whereas in normal animals

the muscles of the abdominal press take a greater part in respiration. At

the time of expiration a vigorous contraction of the chest muscles was

observed; thereby the size of the chest decreased, and the volume of the

abdomen increased. During inspiration, when the chest was expanded, the

volume of the abdomen decreased markedly.

In the case of greater intrapulmonary pressures (Figure 2) asynchrony

in the activity of the expiratory muscles of the chest and abdomen (and

possibly also the diaphragm) was even more obvious. With a pressure

equal to 550 mm H20 the curves of movement of the chest and abdominal

wall became mirror images of each other. It should be noted that in some

experimental dogs, even during respiration under ordinary conditions, a

241



mm Hg

FIGURE 1. Characteristics of the change in respiratory movement of the chest and

abdominal wails in a dog with severed posterior columns of the spinal cord during

breathing under an excess pressure of 300ram Hg, Experiment of 24 March 1958

From top down: thoracic respiration; abdominal respiration; blood pressure; base

line of the blood pressure; time marking, two-second thtervats; pressure in the

respiratory tract (in mm H20); base line of the pressure in the resp:ratory tract

(represented by the bottom margin of this figure).

FIGURE 2. Characteristics of the change in respiratory movements of the chest and

abdominal wail in a dog with severed posterior columns of the spinai cord during

respiration under an excess pressure of 500--580 mm H_O. Experiment of 13 March 1958

The key's for the curves are the same as for Figure 1.
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disturbanceof thesynchronousactivityof theexternalintercostaland
abdominalmuscleswasobserved. In dogswith intactproprioceptive
conductorsnosuchlossof coordinationever occurredin theactivityof
thechestandabdominalmuscles.

Reductionof intrapulmonarypressurein animalswithseveredposterior
columnsof thespinalcordfrequentlycauseda slowingof respirationor
respiratoryarrest, whereasin dogswith intactposteriorcolumnsof the
spinalcordanappreciableincreasein respiratoryrateusuallyoccurred
(Table1).

In dogswithseveredcolumnsof thespinalcordandwithadditional
bilateralvagotomyanincreasein theintrapulmonarypressuredidnotlead
to apnealconversely,their respirationbeca_nemorefrequentthanin the
initial state(Table2). However,evenafter only15--20secit notuncom-
monlybeganto slowup; thedepthof therespiratorymovementsdecreased
and,finally,respirationapparentlystoppedwitha weakeningof expiration.
After the fall of intrapulmonary pressure respiration was absent for a long

time, and recovery of it began gradually, after about 30--50 sec (Figure 3).

No.of Pressure

expeti- (in mm

ment H_O )

1 550

2 550

3 400

4 300

5 300

TABLE 2

Change in the respiratory rates of dogs with severed posterior columns of the spinal cord and with

bilateral vagotomy during respiration under increased intrapulmonary pressure

Respiratory rate (1 rain)

after increase in pressure after reduction of pressure
Basic

data

8

8

6

imme- after after imme- after after

diately 1 min 3 min diately 1 min 3 rain

16 2 -- apnea 12 9

30 sec

12 1 -- apnea 8 8

25 sec

10 apnea -- apnea 6 8

5 3

4 3

-- apnea 2 4

1 min

20 sec

-- apnea 4 4

45 sec

Note

breathing

air

same

breathing

oxygen

same

If apnea did not occur during the period of respiration under pressure,

it occurred, of necessity, after the reduction of intrapulmonary pressure.

As is well known from the papers of many authors, in the vagotomized dogs

(with posterior columns of the spinal cord intact) intrapulmonary pressure

reduction rarely causes apnea; usually, only a very slight retardation of
respiration occurs.

Therefore, in our experiments asynchrony occurred in the activity of

the respiratory muscles, similar to what is not uncommonly found in the
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clinical picture of nervous diseases during syringomyelia and syringobulbia,

and there was also a diminution of respiration (a factor first observed by

V.A. Vinokurov (1944)}.

FIGURE 3. Change in the respiration and circulation in a dog with severed pOSterior

column* of the spinal cord and with an additional vagotomy, during respiration under

an excess pressure of 550 mm H20. Experiment of 13 March 1958

The key for the curves is the same as for Figure 1.

Irt dogs with severed proprioceptors a distinguishing feature of the

circulatory changes during respiration under increased intrapulmonary

pressure is the somewhat slower stabilization of the blood pressure.

Afte:. _ additional vagotomy (both high and low) the circulatory changes were

greater, and the blood pressure usually fell by 40--60 mrn Hg. During the

period of breathing under increased intrapulmonary pressure, stabilization

of the initial hemodynamic changes occurred very slowly. After changing

over to breathing under normal conditions the usual considerable blood

preEsure rise was not observed, and increase to the initial level occurred

gr a¢ u ally.

Ibis fact, as indicated above, was also noted by V. A. Vinokurov in

vagctomized and desympathized dogs in which the abdominal muscle had

beer cut.

E_ring the period of breathing under intrapulmonary pressure the blood

pressure in the right ventricle increased less than in animals with intact

posterior columns of the spinal cord.
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Discussion of Results

The re.,mlts of the investigation showed that in animals with severed

proprioceptive tracts there was a marked reduction in the tone of the

musculature of the abdominal wall and a coordination disorder in the

activity of the external intercostal muscles and muscles of the abdominal

press. These disorders are distinctly demonstrated under ordinary

respiratory conditions and under increased intrapulmonary pressure, but

they are particularly obvious after low and high vagotomy.

Our experiments show very clearly that during breathing under increased

pressure reflex tension in respiratory muscles (particularly abdominal) is

produced not only by interoceptive impulses coming from the lungs (Hess,

1931; Popov, 1949; Kuznetsov, 1957; and others) but also by proprio-

ceptive impulses from the muscles and ligaments of the chest, abdomen and

diaphragm. Thereby a very important role is played by tonic proprioceptive

reflexes during respiration under increased intrapulmonary pressure.

The asynchrony of respiratory muscle activity observed can apparently

be explained in the following way. At the end of inspiration the intero-

ceptive impulses coming from distention of lung tissue cause a vigorous

reflex contraction of the chest muscles for expiration. At the beginning

of expiration the intrathoracic pressure rises; the diaphragm drops,

displacing the abdominal organs downward. Because the tone of abdominal

muscle is reduced they cannot prevent the ptosis of the diaphragm and

abdominal organs, as a result of which the volume of the abdomen

increases considerably.

With the beginning of inspiration the chest expands, and the intrathoracic

pressure rapidly falls; the pressure in the abdominal cavity at this time

evidently exceeds the intrathoracic pressure, the diaphragm is therefore

displaced upward, and the size of the abdomen decreases. With the begin-

ning of a new expiration this entire process is repeated in the same order.

In dogs which have also been vagotomized, exclusion of the interoceptive

impulses naturally leads to an even greater hypotonia of the respiratory

muscles and to a greater loss of coordination in their activity.

On the basis of the experiments presented it may be assumed that in

animals in which the proprioceptive conductors have been cut, the activity

of the respiratory muscles of the chest and abdominal press is effected

essentially through reflexes from the pulmonary receptors. However, the

activities of the various groups of respiratory muscles are not adequately

coordinated with one another in the various phases of the respiratory cycle,

particularly under increased intrapulmonary pressure. Tonic reflexes

from the pulmonary interoceptors under these respiratory conditions do

nOt assure the necessary muscle tone of the abdominal press and evidently

are of les_3 importance for these muscles than for those of the chest. The

high degree of abdominal muscle tone required and fine coordination of

their activity with that of the rest of the respiratory musculature may be

assured by reflexes from both the interceptors of the lungs and proprio-

ceptors of these muscles.

Of definite theoretical interest is why, in dogs with supplementary

vagotomies, respiratory arrest occurs under increased intrapulmonary

pressure, and also why apnea occurs after reduction of the pressure --
a phenomenon very rarely encountered when vagus nerves are intact.

Using the data of V.A. Vinokurov and M. V. Sergievskii (1950) as a basis,
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these facts may be explained in the following way. The proprioceptive

impulses from the chest and abdominal muscles contribute to the

formation of centrifugal impulses leading to a quickening and deepening of

respiration in the respiratory center. In vagotomized animals with severed

posterior columns of the spinal cord, it is essentially the proprioceptive

and interoceptive impulses which are excluded; therefore, only some of the

impulses from lungs continue to come to the central nervous system over

the sensory fibers in the thoracic portion of the sympathetic nerves.

With increase in intrapulmonary pressure the greater flow of impulses

passing over the afferent fibers of the thoracic sympathetic nerve from

the pulmonary interoceptors to the respiratory center evidently causes an

increase in the excitability threshold of the cells in the respiratory center

connected with these fibers.

Afler reduction of the oxygen pressure the flow of impulses from the

lungs decreases. The cells of the respiratory center during this period

continue to function for a certain time at their previous reduced level of

excitability. Therefore, ordinary impulses from the pulmonary mechan0-

ceptors are inadequate for restoring the respiratory center to an active

state, as the result of which apnea continues. Respiration does not recur

until excitability of the cells in the respiratory center is raised to the level

at which impulses of ordinary strength can bring them to an active state.

As for blood pressure changes, they are essentially induced by reduction

of abdominal muscle tone, which leads to a deterioration of the conditions

necessary for the inflow of venous blood into the right heart. However, in

animals in which only the posterior columns of the spinal cord have been

cut, just as in animals which have been vagotomized only, the circulatory

disorders are not demonstrable to such a degree as in animals in which

both operations have been performed. In the latter, with the marked

reduc':ion in abdominal muscle tone, the intraabdominal pressure is evidently

reduced to such a degree when it does not assure adequate return of the

venous blood to the heart even under normal respiratory conditions; there-

by the blood pressure decreases markedly (by 40-60 mm Hg).

Wi:h respiration under increased intrapulmonary pressure, when

incre_.sed tonic contraction of the abdominal muscle is required for over-

coming the intrathoracic pressure obstructing the blood movement from

the inferior vena cava to the right heart, the marked reductionofabdominal

muscle tone does not entirely assure the indicated function. In this

connection, the blood pressure in the right ventricle increases less than

in ani:_nals which have only been vagotomized or in which the posterior

columns of the spinal cord have been cut. However, arterial pressure,

as a rule, is not compensatory and remains very low or even continues to

decrease. Also of great significance is the absence of the sucking action

of the thorax during inspiration.

Changes in blood circulation are approximately the same. In dogs with

severed posterior columns of the spinal cord and high vagotomy (when the

normal cardiac innervation is impaired), and with low vagotomy (when the

cardi_.c innervation is not impaired), the changes in the blood circulation

are approximately the same. This indicates that such pronounced circula-

tory disturbances under these conditions result basically from the marked

decrease of blood inflow to the heart due to the sharp reduction of the

abdominal muscle tone.
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Conclusions

1. During respiration under increased intrapulmonary pressure the

exclusion of the proprioceptive impulseseby the complete severing of the

posterior columns of the spinal cord of dogs causes reduction of zone

and contraction of respiratory muscles, and leads to loss of coordination

of the thoracic and abdominal muscles. The reduced tone of respiratory

muscles _md their asynchronous activity after supplementary vagotomy is

markedly expressed.

2. The sharp reduction of abdominal muscle tone observed in animals

after the posterior columns of the spinal cord have been cut and supplemen-

tary vagotomy performed causes, even under normal conditions, a con-

siderable decrease in the blood pressure level (by 40--60 mm Hg). During

respiration under increased intrapulmonary pressure recovery from the
initial hemodynamic disorders is very slow or does not occur and the

pressure in the right ventricle increases significantly.

3. In dogs in which the proprioceptive impulses have been cut, during

respiration under increased intrapulmonary pressure, a supplementary

high or low vagotomy causes approximately the same circulatory disorders.

This indicates that the basic factor leading to serious circulatory
disorders under these conditions is the significant decrease of blood flow

to the right heart due to the sharp reduction of abdominal muscle tone, and

the exclusion of the sucking effect of the thorax during inspiration.
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P. V. Oblapenko

THE CONDITION OF VASCULAR REFLEXES IN DOGS DURING

RESPIRATION UNDER INCREASED INTRAPULMONARY PRESSURE

(Sostoyanie sosudistykh refleksov u sobak pri dykhanii pod povyshennym

davleniem v legkikh)

In studies by P. M. Gramenitskii and co-authors, V.P.Popov, A.G.Subbota

and others, it has been shown that breathing under increased intrapulmonary

pressure is accompanied by considerable hemodynamic disorders, as the

result of which the blood pressure falls in some parts of the blood stream

and rises in others. It is perfectly obvious that in the reactions directed

at maintaining the blood pressure at a constant level, reflexes from the

various vascular receptor areas, chiefly the carotid and aortic areas,

play a relatively unimportant part.
The determination of the condition of the vasomoto_ reflexes and their

part in t:_e reactions during respiration under increased pressure is of

definite theoretical and practical significance for a more correct evaluation

of the body functions under these conditions. Nevertheless, there are only

occasional papers in the literature which give data on the condition of the

vascular reflexes and the significance of the vascular reflexogenic areas

in the recovery of the impaired circulatory functions during respiration

under increased pressure.

V. I. Popov (1949) in experiments on two rabbits, and A. G. Subbota (1956)

in experiments on cats, determined that cutting the nerves of the carotid

sinus and aortic reflexogenic areas, particularly after additional bilateral

vagotomy, has a negative effect on the restoration of the blood pressure

level. However, the authors did not study the condition of the vascular
reflexes themselves.

Only Kim Don Sok (1958) in experiments on cats determined the fact

that the pressor reflexes (reflexes to compression of carotid arteries,

painful and ammoniacal stimulation of the trigeminal nerve) are altered

during increased intrapulmonary pressure; usually they disappear and are

even inverted. The endocrine glands exert an effect on the nature of change

in these reflexes. On the basis of these investigations the author concluded

that during respiration under increased intrapulmonary pressure the pressor

component of vascular reflexes does not occur in the compensatory reactions

of the body directed at stabilization of the blood pressure.

Thus, in the literature there is controversial data on the participation

of the vascular pressor reflexes in the body's compensatory reactions

during respiration under increased intrapulmonary pressure, and there is

absolutely no data on the condition of the depressor reflexes.
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Thea_mof"our investigationwasto studythenatureof thechangesin
thecarotidsinuspressoranddepressorreflexes,andto clarify their
significancein thebody'sadaptivereactionsundertheserespiratory
condi:ions.

Method

Thestudywasmadein short-term experimentsondogsundersuper-
ficial hexenalanesthesia(25--40mg/kgbodyweightfor theentire
experiment).Througha maskor tracheotomycannulatheanimals
breathedunderincreasedpressuresof oxygen(or air) whichwascreated
bymeansof oxygenapparatuses(KP-24andKP-T); thepressurein
therespiratorytract didnotexceed400mmH20. Theconditionof the
vascularreflexeswasjudgedbythepressoranddepressoreffectsafter
compressionof bothcarotidarteries, aswellasafter stimulationof the
sinusnervewithaninducedcurrent. Thedistancebetweentheprimary
andsecondarywindingsof theinductioncoil in variousexperimentsranged
from 12to 25cm; in eachindividualexperimentthedistancebetweenthe
windingswasconstant.

T_evascularreflexesin dogswerestudiedeachtimebeforethe
beginningof respirationunderincreasedintrapulmonarypressure,andthen
in theintervalsbetweenthefirst andsecond,secondandthird, andthird
andfifth minutesafter increasingthepressureandin changingoverto
normalpressureconditions. If respirationunderintrapulmonarypressure
lastedover5rainthereflexeswereinvestigatedin the7thand10thminutes.

Resultsof theExperimentsandDiscussion

Tl_eresultsof theexperimentsare shownin Tables1and2.
As is evident from Table I, in the initial state after compression of both

carotid arteries, the blood pressure in all experiments increased appre-

ciably (by an average of 50 mm Hg with individual variations in the pressor

reaction from 18 to 90 mm Hg).

Dcring respiration under increased pressure the pressor effect after

compression of the arteries decreased appreciably and was directly related

to th_ blood pressure level at the time of the investigation: the higher the

blood pressure level the more pronounced the pressor reaction (Figures I

and 2).

In view of the fact that the lowest blood pressure level was observed in

the first minute after increasing the intrapulmonary pressure, it is obvious

that the pressor reaction at this time was minimal. Eventually, with

increase in the blood pressure, there was an increase in the pressor

reaction.

Tl:us, for example, in experiments Nos. 3a and 5, compression of the

carotid arteries in the 2nd minute of breathing under pressure caused a

rise m the blood pressure--in experiment 3a, by 22 mm Hg; in experiment

5, by 6 mm Hg. In the 4thminuteofcompression, when the blood pressure

level rose, the pressor effect also increased in experiment 3a, from
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FIGURE I . Condition of the pressor carotid reflex in a dog with high blood pressure level during respiration

of oxygen under increased intrapulmonary pressure. Experiment of 22 February 1958.

From top down: thoracic respiration; abdominal respiration; blood pressure; blood pressure in the right ventricle;

base line of the blood pressure and time marking of compression of carotid arteries; base line of blood pressure

in right ventricle, time marking--two-second intervals; pressure in the respiratory tract (in mm H,O); base

line of the pressure in the respiratory tracl.

FIGURE 2. Condition of the pressor carotid reflex in a dog with a low blood pressure level during respiration

of air urder increased intrapulmonary pressure. Experiment o! 20 February 1958

The key is the same as for Figure 1.
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TABLE 1

M'-asuremenu of blood pressure and heart rate in dogs after compression of the carotid arteries

during respiration under increased intrapulmonary pressure

1)

_ Indices of

E _ _ physiological

'_ _ O functions

o E

o _E

I 300 Blood pressure

(in mm Hg)

Number of heart

beats per min

2 250 Blood pressure

(in mm Hg)

Number of heart

beats per min

2a 400 Blood pressure

(in mm Hg)

Number of heart

beats per rain

3 350 Blood pressure

(in mm Hg)

Number of heart

beats per rain

3a Blood pressure

(in mm Hg)

Number of heart

'beau per min

4 400 ;Blood pressure

'(in mm Hg)

Number of heart

beats per min

5 300 Blood pressure

(in mm Hg)

Number of heart

beats per rain

6 300 Blood pressure

in mm Hg)

Number of heart

beats per min

6a 400 Blood pressure

(in mm Hg)

Number of heart

Ibeats per rain

Controldata[

.._

During respiration under After reduction of

increased preSSure intrapulmonary pressure

after 1--2 after 3--5 after after

min rain 1 rain 3 rain

s i t

132 162 108 122 -- -- 150

I 140 168 196 208 -- -- 120

150 212 100 130 -- -- --

200 --

136 --

f

120 136 148 ! 200 --

146 202 70 I 80 --

I

124 142 188 I 188 --

136 186 120 152 120 150 --

128 160 168 184 160 184 --

136 196 58 80 140 170 130

140 156 128 134 128 152 126

140 170 50 50 -- -- 140

__ m

180 --

144 --

172 --

B

108 120 208 208 -- -- 160 176 -- --

140 158 72 78 136 150 -- -- !136 152

I

80 88 136 144 120 128 -- -- 1104 112

88 106 60 66 82 90 88 118 90 120

160 168 168 176 168 184 192 192 176 184

90 106 60 66 88 96 106 134 106 134

160 168 208 216 1108 108 184 200 168 184
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22to 30mmHg; in experiment5, from 6to 13ramHg. In experimentNo.3,
in whichthebloodpressurelevel in the2ndand4thminutesremainedthe
same (12.0mm Hg) the pressor reaction was also the same (30 mm Hg).

The rise in blood pressure after compression of the carotid arteries in

the 2ridminute amounted, on the average for all experiments to 16 mm Hg

(as against 50 mm in the initial state); in the 4th minute, the pressor

reaction _ncreased to 24 ram. After switching over to normal atmospheric

pressure the pressor reaction increased and reached the initial figures.

As is '#ell known, the rise in blood pressure after compression of the

carotid a_._teriesis accomplished by two reflex reactions--vasoconstriction

and increase in the heart rate. In the initial condition, as follows from

Table 1, the heart rate after compression of the carotid arteries increased

by 8--32 beats (by 18, on the average). Therefore, participation of the

cardiac component in the pressor reaction under normal respiratory
condition:3 was perfectly obvious.

After :3witching over to increased pressure, compression of the carotid

arteries was not always associated with an increase in cardiac activity.

This was the case in those experiments where the heart rate at the time of

compression was very rapid -- about 200 per rain (experiments Nos. 2a,

4, 6, and 6a). The pressor reaction was brought about essentially only

through vasoconstriction, and was less in its magnitude than in cases where
@ . .

an increase in cardiac activity was observed in addition to vasoconstrlctlon.

For example, in experiment No. 4 compression of the carotid arteries did

not lead to an increased blood pressure, and in experiments Nos. 2a0 6,

and 6a the pressor reaction was very slight (6-- 10 ram). The results of

our experiments (reduction and even disappearance of the pressor reaction)

agree considerably with the data of Kim Don Sok, although we did not
observe the inversion of carotid sinus reflexes which occurred in his

experiments. Despite the similarity of the facts obtained, however, we

do not agree with Kim Don Sok's conclusion that during respiration under

increased intrapulmonary pressure there is no pressor component in the

compenss_tory reaction of blood pressure stabilization. As our experiments

show, the.pressor reaction of the blood vessels does occur whenever there

is reduced blood pressure. However, the pressor effect is less pronounced

than under ordinary conditions, which is evidently connected with a

reduction in the blood volume in the arterial system of the greater circulation.

During breathing under increased pressure the depressor reaction

changed to a greater degree than the pressor reaction.

After releasing the pressure from the carotid arteries in the initial

condition the blood pressure usually fell quickly, and after several seconds

returned to the initial level or even dropped somewhat below it (Figure i).

With brea.thing under pressure the depressor reaction was observed only

where the blood pressure level had been comparatively high before

investigation of the reflex; at a low blood pressure, as indicated above,

the press0r reaction was slight, and the depressor reaction was entirely
absent.

To ensure more reliable conclusions about the condition of the depressor

reflex reaction, the sinus nerve was stimulated with an induced current.

The results of these experiments are shown in Table 2.

As follows from Table 2, the degree of the depressor reaction depends,

first of all, on the initial blood pressure level, and secondly, on the degree
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02

6
Z

la

4a

4b

TABLE 2

Changes in blood pressure and heart rate m dogs after stimulation of the sinus nerve with an induced

current during respiration under increased intrapulmonary _ressure

Indices of

physiological

function

Blood pressure

(in mm Hg)

Number of heart

beats per rain

Blood pressure

(in r_m Hg)

Number of heart

beats per rnm

Blood pressure

(in mm Hg)

Number of heart

beats per mm

Blood pressure

(in mm Hg)

Number of heat

beats per mm

Blood pressure

(in mm Hg)

Number of heart

beats per mm

Blood pressure

fin mm Hg)

Number of heart

beats per mm

Blood pressure

(in mm Hg)

Number of heart

beats per mm

Control

data

120

138 114

130 94

210 210

136 80

112

During respiration under

increased )ressure

alter 1-2

rain

o _ ",7,

70 60

138 126

42 40

184 184

After reduction of

intrapulmonary pressure

alter 3-5 after

min 1 min

J
94 i 68 102 78

138 138 108 126

a tier

3 rain

102

160

50 40 78 54 --

210 210 210 210 --

162 162

o :%7,

8_

150

m

66

80

Note. f:esults of experiments la and 4b-- after atropinization.
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of slowing of cardiac activity with stimulation of the sinus nerve. The

lower the blood pressure at the time of the investigation and the less the

participation of the cardiac component in it, the less pronounced the

depressor reaction. In a number of experiments a pressor rather than

a depressor reaction was observed during stimulation of the sinus nerve

at the time of maximum blood pressure reduction.

In other experiments, at the beginning of the nerve stimulation the

blood pressure rose, and only near the end or after cessation of stimulation

did it begin to decrease. In these cases retardation of cardiac activity

did not occur or was very slight.

It is characteristic that after atropinization of animals as well as after

vagotomy the depressor effect also fell off sharply, and in some experi-

ments it was entirely absent or was distorted (Table 2, experiments Nos.

la, and 4b).

The sa/-ne changes in the carotid sinus pressor and depressor reflexes

in rabbits were observed by V. L. Gubar' (1952) after polarization (with a

cathode) of the medulla with direct current. Artificial increase in the

tone of the vasoconstrictor center changed its reflex activity. According

to the data of this author, compression of the carotid arteries and

stimulation of the aortic nerve under these conditions had little effect on

the blood pressure level. Increase in the exci%ability of the vasoconstrictor

center wi:lh an electric current interfered with the development of a reflex

increase or decrease in the blood pressure level.

We are inclined to explain these characteristics in the change in pressor

and depressor carotid sinus reflexes during breathing under increased

pressure by the fact that the vasoconstrictor center at a low blood pressure

level is evidently in a state of persistent excitation, that is, in a state of

a dominant focus (Magnitskii, 1952). It is entirely possible that a certain

degree of anemization of the brain contributes to this standing excitation of the

center, as indicated by the experiments of P.P.Goncharov and I.R.Petrov. In 1934

they, and the co-workers of I. R.Petrov (Antipenko, 1950; Kudritskaya, 1952;

Zor'kin, 1955; and others) proved that in anemization of the brain, shock and

blood loss where reduction of blood was observed, first the depressor and then

the pressor reflexes disappeared. The authors explain these changes in

the vascular and cardiac reflexes by a change in the interrelationship of

excitatory and inhibitory processes in the corresponding brain centers.

The initial loss and inversion of the depressor carotid sinus reflex with

the pressor reflex intact was considered by I. R. Petrov an adaptive

reaction. It is possible that during respiration under increased pressure

the omission of the depressor reflex and even an inversion of it is also an

adaptive reaction of the body.

The question of the interrelationship of vasomotor and respiratory

centers during respiration under increased intrapulmonary pressure is of

great theoretical interest.

As was pointed out in our article (Oblapenko, 1964), the respiratory

center is in an inhibited state immediately after the increase in intra-

pulmonary pressure and not uncommonly for some time thereafter (for

several minutes). The vasomotor center is in a state of excitation from

the first moment, when there is a sharp drop in the blood pressure in the

aorta. It is possible that immediately after the increase in intrapulmonary

pressure a brief irradiation of inhibition occurs from the respiratory to

the vasomotor center; however, the latter evidently eliminates this effect

comparatively quickly. This is confirmed by the following observations.
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In someexperimentstheinitial, comparativelysharprise in blood
pressureledto theoccurrenceof inspirationandrestorationof respiration
after apnea.In casesof prolongedapneacompressionof bothcarotid
arteries_dongwithbloodpressurerise notuncommonlyledto a renewal
of respiration(Figure1). Stimulationof thesinusnerve, conversely,
causedr_spiratoryarrest.

Therefore,whereasthenormalinterrelationshipbetweenthevasomotor
centerandtherespiratorycenteris usuallycharacterizedbythe
predominanceof thelatter's effects, thereversesituationis encountered
duringbreathingunderincreasedintrapulmonarypressure,i.e., the
vasomotorcenterhasthegreatereffectontherespiratorycenter.

Conclusions

1. Du:_ing breathing under increased intrapulmonary pressure the

carotid sinus pressor and depressor reflexes in dogs decrease. The

depressor reflex is more variable.

2. The degree to which the magnitudes of these reflexes are reduced

depends on the blood pressure level in the greater circulation, which is

essentially determined by the tone of the vasoconstrictor center.

3. Wi:h a very low blood pressure, as well as after atropinization of

animals or vagotomy, the pressor carotid sinus reflex is minimal, and

the depressor effect may disappear completely or even be distorted.

4. During the period of considerable reduction of blood pressure in the

greater _-irculation there is irradiation of excitation from the vasomotor

to the respiratory center, which at this time is in an inhibited state. This

contributes to a more rapid recovery of respiration in the initial period

after increase of intrapulmonary pressure.
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N 6-17:5

P. V. Oblapenko

THE ROLE OF THE VAGUS NERVES IN THE BODY REACTIONS

DURING BREATHING UNDER INCREASED INTRAPULMONARY PRESSURE

(0 roll bluzhdayushchikh nervov v reaktsiyakh organizma pri

dykhanii pod povyshennym davleniem v legkikh)

Presently, oxygen apparatuses constitute one of the means of providing

oxygen to flight crews under increased intrapulmonary pressure due to

break in the airtight ceiling of the airplane cabin during stratosphere

flights.

Although apparatuses supplying oxygen to the respiratory system under

increased pressure began to be used in aviation practice only in the 1940's,

the study of the effect on the body of increased intrapulmonary air pressure

was begun long ago. The Valsalva test with increase in intrathoracic

pres_,:ure, used in clinical medicine to determine the functional condition of

the cardiovascular system, was well known even in the mid- 18th century.

Expe::imental studies aimed at determining the effect on the body of breath-

ing a:r under increased pressure and the mechanisms of respiratory and

circulatory changes observed during this process were begun at the start

of the 1860's (Einbrodt, 1861). A particularly large number of papers

were written on this subject after the method of breathing oxygen under

increased intrapulmonary pressure had been used in 1943 for improving

the body's oxygen supply at altitudes above 12,000 m (Cagge, Allen, et al.,

1945; Barach et al., 1946, 1947; Popov, 1949; Ivanov and Novak, 1949;

Kuzn,_tsov et al., 1952, 1957; Vakar, 1953; Botvinnikov, Grarnenitskii,

et al., 1955; Subbota, 1956; Grandpierre, et al., 1957; Jacquemin et al.,

1958; Kim Don Sok, 1958; and others).

Despite the large number of studies made on the effect on the body of

increased oxygen (or air) pressure in the lungs, the matter of mechanisms

of change in respiratory and circulatory functions remains unclear and the

data on some problems is even controversial. Thus, for example, there

is no agreement in the literature as to the role of the vagus nerves during

respiration under these conditions.

The majority of authors believe that the vagus nerves participate in

adaptive reactions and increase the body's resistance to this factor

(Botvirmikov, Gramenitskii, et al., 1955; Subbota, 1956; and others).

Conversely, others point out that the elimination by vagotomy of reflex

influences through the vagus nerves contributes to an improvement in the

condition of the body (Popov, Kuznetsov, Gorev, and Cherkasskii, 1955;

Kondratovich, 1956; and others).

In the present work, a more detailed study was made of the role of

of the vagus nerves in the circulatory and respiratory reactions during
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increasedintrapulmonarypressure,usinginstrumentswhichsupplyoxygen
or air to the lungs.

Method

For thepurposeof solvingtheproblemsposedweusedlowvagotomy-
belowthepointat whichcentrifugalcardiacnervesbranchoff, togetherwith
highsectionof thevagusnervesin theneckof dogs. Thismethodwas
necessarybecauseof thefact thathighvagotomypreviouslyusedbymany
authorsnotonlyinterruptedtheflowof afferentimpulsesfrom thelungs
andabdominalorgansto thecentralnervoussystembutatthesametime
interferedwiththenormalinnervationof theheart, sincethelatter was
deprivedof parasympatheticinfluences.This facthasbeenoverlooked
bymanyauthors.

Theexperimentalstudywascarriedoutin short-term experimentson
20dogs3--5yearsof age. Thirty to forty minutesbeforetheexperiment
wasbegunthe animalsweregivenasubcutaneousinjectionof a 2%morphine
hydrochloridesolutionin adoseof 1.0--1.5ml/10 kgbodyweight. The
femoralveinwasdissectedoutunderbrief etherstupefaction,andthenan
intravenousinjectionof 2%hexenalsolutionwasgiven. Duringthe
experiment,whichlasted1.5--2hrs, anaverageof 1.5--2.5ml of hexenal
solution]kgbodyweightwasgiven.

In preparingtheanimalsfor theexperiment,thefemoralartery, vagus
nervesfrom thelowermarginof the larynxto thepointat whichthe
cardiacbranchesbranchoff,andtheright jugularveinweredissectedout.

Topreventcoagulationof thebloodin thecannulas,heparinwasgiven
intravenouslyin adoseof 0.2--0.25ml/10kgbodyweight.A glasstube,
whichwasconnectedthrougha rubbertubewitha Ludwigmercurial
manometer,wasintroducedintotheright ventricleof theheartthrough
thejugularvein. Theentirepreparationfor theexperimenttook40--60min.

In the initial stateandduringthecourseof theexperimentarecordwas
madeof Eaebloodpressurein thefemoralartery andin theright ventricle,
thoracic_mdabdominalrespiration,andtheair or oxygenpressurein the
respiratorytract. Increasedair or oxygenpressuresin therespiratory
systemwascreatedbymeansof KP-24 /_nd KP- T oxygen apparatuses.

The dogs either breathed through a tracheotomy cannula or through a mask

with a compensating outlet valve specially prepared for them.

The oxygen apparatus for breathing under increased pressure was used
in one or two sessions, from 3--10 min in all variants of the experiments;

in various experiments breathing under pressure was continued without

interruption for as long as 30 rain. The pressure in the respiratory system

was 200--.250 and 300--400 mm H20.

Results of the Experiments

In dog.,3 with intact vagus neI"ves the following reactions occurred

immediately after increase in the air or oxygen pressure in the lungs

(Figure 1): respiratory slowing or arrest lasting from a few score seconds

to several minutes; expansion of the chest and abdomen; fall of the blood
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FIGURE 1. Respiratory and circulatory changes in a dog before vagotomy during the breathing of a_r

under an intrapulmonary pressure of 400 mm H20. Experiment of 17 January 1,%8

From top down: thoracic respiration; abdominal respiration; blood pressure in the femoral artery;

blood pressure in the right ventricle; base line of the blood pressure; ume marking--two-second

interva s; air pressure of the respiratory tract; base line of pressure in respiratory tract. Arrows

from left to right, beginning and end of increase of intrapulmonary pressure.

FIGURE 2. Respiratory and circulatory changes in a dog after high vagotomy during the breathing of

air witl- an intrapulmouary pressure of 400 mm H_O. Same experiment.

From tcp down: thoracic respiration; abdominal respiration; blood pressure in the femoral artery;

base life of the blood pressure; blood pressure in the right ventricle; base line of the pressure in

the rig_ t ventricle; time marking; air pressure in the respiratory tract; base line of the pressure in

the respiratory tract.
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pressure in the greater circulation; increase of the blood pressure in the

right ventricle; and slowing or (less often) a slight increase in the heart

rate.

FIGURE3. Respiratory and circulatory changes in a dog after low vagotomy during the I_eathing
of air with intrapulmonary pressure of 400 mm H_3. Same experiment.

The key for the curves is the same as for Figure 1.

Subsequently, in most experiments the rate and depth of respiration were

gradually restored to normal, although respiration was usually slower than

in the initial condition and was not always rhythmical; the blood pressure

leveled off; the pulse increased in frequency; the blood pressure in the

right ventricle continued to be elevated.

After switching over to normal breathing conditions there was a reduction
in the volume of the chest and abdomen, and normalization of the rate and

depth of respiration occurred; the blood pressure was initially markedly

increased, and then it approached the initial level in an undulating manner;

the pulse slowed considerably at first but returned to the initial rate

comparatively quickly; the pressure in the right ventricle fell immediately

but shortly afterwards, as the result of an increase in the amplitude and

strength of its contractions, the systolic pressure increased. Recovery

of the respiratory and circulatory functions occurred, as a rule, within

3--5 rain.

H,egardless of whether oxygen or air was used for breathing under

pressure, no differences in principle in the circulatory or respiratory
reactions were observed.

With increase in intrapulmonary pressure, dogs subjected to high

vag¢,tomy showed a greater expansion of the abdomen than before vagotomy;

respiration did not slow up but, conversely, increased slightly in rate;
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in most cases the blood pressure dropped somewhat more slowly but it

leveled off slowly also, and with high intrapulmonary pressures not

uncommonly no elevation of the blood pressure was observed at all

(Figure 2). Increase in the pressure in the right ventricle and change in

the he_rt rate were less than before vagotomy.

In dogs with low vagotomy, even before the increase in intrapulmonary

pressure, not uncommonly a change in the heart rate in the direction of

both increase and decrease was observed. The circulatory changes showed

certain characteristic features. Only in 30 To of the cases did the pulse

rate remain unchanged after low vagotomy. The blood pressure remained

at almost the same level as before vagotomy; only at times were slight

changes observed in it, brought about, evidently, by changes in the heart

rate. Increase in the intrapulmonary pressure leads to essentially the

same respiratory changes as in cases with high vagotomy.

As _s evident from Figure 3, when the breathing apparatus was used

under :ncreased pressure in dogs with a low vagotomy the blood pressure

at firs'; dropped quickly also; it leveled off more slowly than before

vagoto;ny but more rapidly than after high vagotomy. A change in the

heart rate and pulse pressure occurred after a certain delay. At first,

the pulse Slowed up a little or remained unchanged, but after some seconds

(I0--2,)) it increased in rate. The amplitude of the pulse waves at first

also d_creased appreciably and was lowest at the time the blood pressure

reached the lowest level. Almost simultaneously with the rise in blood

pressure and increase in pulse rate, the pulse waves gradually enlarged.

At this time we also noted an increase in tension of the abdominal muscles,

which, however, was less pronounced than before vagotomy. The pulse

rate rc ached its maximum l--2 rain after increase in intrapulmonary

pressure, but was usually less than in experiments with high vagotomy.

After this the amplitude of the pulse waves continued to increase or

remaired unchanged, and the pulse began to slow up, as was also the case

before vagotomy. The blood pressure continued to increase or remained

at the previous level. The pressure in the right ventricle in a number of

experiments increased to a lesser degree than before vagotomy.

After reduction of intrapulmonary pressure to normal the general

picture of recovery of circulatory functions was approximately the same

as it h_d been before vagotomy.

For the purpose Of ,interrupting the parasympathetic fibers of the vagus

nerves without impairing the integrity of the afferent tracts, we performed

four e_periments with atropinization of the animals, which were given an

intravenous injection of 2 ml of 0.1% atropine solution. These experiments

showed that after increase in the intrapulmonary pressure, tachycardia

was more pronounced than in dogs with high vagotomy, reaching 200 or more

beats per minute. The blood pressure did not always come up to the level

which had been observed in the dogs before atropinization. Only at low

pressure levels was there no difference.

Discussion of Results

Increased pressure in the respiratory system, like other unusual factors,

causes on the one hand, changes in the body indicatingafunctionaldisorder
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and on the other, adaptive, protective reactions directed at placing the

organism in equilibrium with the new conditions.

Although it is very difficult to make a detailed analysis of the mechanisms

of these complicated reactions, one fact is beyond doubt: in many of these

reactions the vagus nerves played a very great part. Thus, for example,

respiratory slowing or arrest, constantly observed in short- term

experiments on animals in the initial period of respiration under increased

intrapulmonary pressure, is explained by all authors studying this problem

by the inhibitory effect of afferent impulses passing over the vagus nerves

to the respiratory center.

The brief bradycardia, which contributes to a more marked drop in

blood pressure, may be explained as a reflex inhibition of cardiac activity

from the pulmonary receptors through the afferent and efferent fibers of

the vagus nerves. Evidently, a second reflex acting along the same line
is that from the pulmonary arteries described by Schwiegk (1935) and

V. V. Parin (1941). V.V. Parin believes that blood pressure reduction in the

arterJes of the greater circulation when there is increased pressure in

the pulmonary arteries is a function of two components: 1) a cardiac

component -- slowing of the rate, and 2) a vascular component- dilatation

of the arteries of the greater circulation. Vagus nerve fibers also

represent an afferent component of this reflex.

In our experiments, animals with a high vagotomy showed no such slowing

of the heart rate immediately after increase in intrapulmonary pressure.

At the same time, in many experiments after low vagotomy the slow heart

rate remained. In the latter case, despite the exclusion of the pulmonary

receptor area, afferent impulses from the pericardium and great vessels

(over the depressor nerve) continued to go to the central nervous system

over the vagus nerves; this afferentation was entirely sufficient to inhibit

cardiac activity.

In the case of breathing under increased pressure no greater than

400--500 mm H20, the comparatively brief period of respiratory and

circuiiatory disorders is usually followed by a period of their recovery.

Constant stimulation of the vagus nerves by increased impulses from the

chest and abdominal organs interferes, as a rule, with the complete

recovery of respiratory rate. Low and high vagotomy eliminate the

inhibitory effect on the respiratory center but not in all cases. Slowing

of respiration, which was sometimes observed in our experiments even

after vagotomy, indicates the existence of other afferent pathways from

thoracic organs. They may be sensory fibers in the thoracic portion

of the sympathetic nerve or in the posterior roots of the spinal cord

(Vinokurov, 1944).

In our experiments the blood pressure was restored most rapidly and

completely in dogs with intact vagus nerves. The main reflex mechanisms

contributing to stabilization of the blood pressure and increase in the heart

rate were reflexes from the carotid sinuses and aortic area. V.I. Popov

and A. G. Subbota have proved the importance of these reflexes for the

stabi]ization of blood pressure during breathing under increased intra-

pulmonary pressure.
A greater increase in the heart rate was observed in experiments with

lower intrapulmonary pressures (up to 250--300 mm H20), and in some

experiments tachycardia developed immediately after the increase in

intrapulmonary pressure without preliminary bradycardia. Undoubtedly,
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a defirdte part in the increase in heart rate was played by the reflex from
the osl;ia of the venae cavae because of the increase of the blood pressure

in them (Parlor, 1874; Bainbridge, 1915), and by the reflex connected

with irfflation of the lungs (Saalfeld, 1932). That both these reflexes have
vagus fibers as the afferent component is confirmed by the fact that after

high vagotomy of dogs, we did not observe any great acceleration of the
heart rate. This has also been noted by all authors who have studied this

problem.
In the case of breathing under increased pressure after low vagotomy

the im:rease in heart rate also occurred as a rule, although in a number

of cases it was less pronounced than before the procedure. Our explanation
for this is that after low vagotomy reflexes from the lung tissue and blood
vesseJs accelerating the heart rate were interrupted, and only reflexes

from t_e ostia of the venae cavae, aorta and carotid sinuses continued to
function.

Ev. dently, in the case of breathing under increased intrapulmonary

pressure the significance of the vagus nerves as regulators of the diastolic
period of the heart increases considerably. It is perfectly clear that with

the increased load on the right ventricle created by elevated intrapulrnonary

pressure cardiac fatigue should be greater. Hence, it is natural that in
almost all nonvagotomized dogs and in those with low vagotomy, tachy-

cardia was replaced several minutes after the pressure increase by an

appreciable slowing of the heart rate without any reduction in blood pressure.

This reaction should be regarded as adaptive, directed at maintaining

cardiac efficiency under these conditions.

From this viewpoint another phenomenon becomes easily explainable.

In dogs with a high vagotomy or after atropinization, particularly in

experiments with high values of intrapulmonary pressure, blood pressure

stabilization was not always observed. Despite the fast heart rate, which

came to 200--240 beats per rain, the blood pressure remained very low

or even continued to drop, threatening the animal's life. In these cases
a swilch had to be made to normal pressure; nevertheless, in various

experiments the animals died several minutes after the intrapulmonary

pressure drop (Figure 2).

Therefore, during breathing under increased intrapulmonary pressure

after high vagotomy, the heart, deprived of parasympathetic inhibition of

its rate, quickly became extremely fatigued. For a long time the right

ventr:cle was incapable of overcoming the resistance to the blood flow in

the pc:lmonary capillaries and of driving the blood into the left heart; the

blood pressure therefore failed to increase or even dropped to zero, while
there was an increase in venous stasis. In such cases, the replacement

of tachycardia by bradycardia toward the end of the experiments indicated

a marked reduction of the functional capacity of the heart due to fatigue,

and was not an adaptive reaction.
Our experiments with atropinization also prove the favorable nature of

parasympathetic effects on cardiac activity in breathing under increased
pressure.

Therefore, the experiments showed that the poorer tolerance of

animals with a high vagotomy to breathing air or oxygen under intrapulmo-

nary pressure as high as 400 mm H20 is caused by the less perfect reflex

regulation of cardiac activity. Cutting the vagus nerves in the neck leads
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to interruption of the reflex which slows cardiac activity and makes

myocardial rest more difficult. There are also indications that the vagus
nerves, aside from their retardin R effect on the hearL also mediate

trophic influences which increase ventricular contractions (Smirnov, 1952).
During breathing under increased pressure the tone of the abdominal

musculature acquires exceptional importance. By means of this reflex,
which is also increased with the participation of afferent fibers of the

vagus nerves (Vinokurov, Popov, Kuznetsov, and oth6rs), not only is

expiration cari'ied out, but the inflow of blood into the right heart is also

improved (Vinokurov, 1944; Subbota, 1956).
It is perfectly obvious that the cardiovascular reactions alone, which

contribute to a more rapid passage of blood from the right heart into the
left, are inadequate when there is considerable resistance in the blood

vessels of the lesser circulation. It is essential in addition, to provide

the proper inflow of venous blood into the right atrium. Without this,
increased work of the right ventricle will be wasted, without realizing its

proper effect. Reflex tension of abdominal muscles during expiration,
which is rhythmically replaced by relaxation during inspiration, contributes

to the more rapid passage of blood through the abdominal portion of the
inferior vena cava (in animals, the posterior vena cava) toward the right

heart.

Our experiments with low vagotomy, where venous return to the right
heart is made more difficult, showed that despite the comparatively

perfect reflex regulation of cardiac activity the blood pressure leveled off
more slowly. Evidently, in these cases there was an interruption of the

physiological mechanism of,reflex increase in the tone of the abdominal
muscles. After high vagotomy, resulting in both deterioration of
conditions for the inflow of blood into the right atrium and impairment of

regulation of cardiac activity (the parasympathetic influences were
interrupted), there was no recovery of the deranged circulatory functions
in a number of cases.

Conclusions

1. With a change to breathing under increased intrapulmonary pressure,

dogs show respiratory inhibition and reduction of the heart rate, contribut-

ing to a fall in the blood pressure in the greater circulation, brought about

by afferent impulseatcoming from the mechanoreceptors of the lungs and

other thoracic organs,over the vagus nerves,
2. _e stabilization of blood pressure which occurs subsequently is

effected by a number of reflexes; the vagus nerves constitute the afferent

component of the reflex arc of this process.
3. 2_ne parasympathetic fibers coming to the heart through the vagus

nerves inhibit the rate of cardiac contractions, increase the duration of

diastole, and, thereby, reduce cardiac fatigue during breathing under

increased pressure.

4. Low vagotomy results in a reduction of abdominal muscle tone, a

deterioration of venous inflow into the right heart, and a slower compen-

sation for the hemodynamic changes caused by increased intrapulmonary

pressure, by comparison with nonvagotomized animals.
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5. Highvagotomy,whichcauses,in addition,a disruptionof thereflex
regulationof cardiacactivity, producesaconsiderableimpoverishmentof
theanimal'stoleranceto breathingunderincreasedpressure.
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V. N. Zvorykin, A.A. Koreshkov, and P. A. Mal'kov

RESPIRATORY AND CARDIOVASCULAR REFLEXES FROM

GASTROINTESTINAL MECHANORECEPTORS IN BAROMETRIC

PRESSURE CHANGES

(Refleksy s mekhanoretseptorov zheludochno- kishechnogo trakta na

dykhanie i serdechno- sosudistuyu sistemu pri perepadakh

barometricheskogo davleniya)

It is well known that a considerable drop in barometric pressure (as in
decompression of airplane cabins and emergence from deep water) some-

times results in abdominal pain with labored respiration, cardiac disorders,

and even loss of consciousness, due to expansion of the gas and increase of

pressure in the stomach and intestines (Brestkin, 1944; Pivovarov and

Komendantov, 1946; Skrypin, 1948; and others). Development of protective

measures against these disorders has been impeded by the insufficient data

conce:,-ning their physiological mechanisms. Only occasional papers

(Ivanov, 1944; Chirkin, 1955, 1958) offer facts suggesting a reflex origin

of the reactions to local dilatation of the stomach and intestines investigated

by these authors during barometric pressure changes.

Therefore, the aim of our investigation was a study of the physiological

mech_misms of the effect of dilatation of the gas in the entire gastrointestinal

tract during barometric pressure changes.

Method

The study was made on dogs in two series of long-term and short-term

experiments: 1) experiments in which air was introduced into the gastro-

intestinal tracts in the animals; 2) experiments with barometric pressure

changes.

Three fistulas -- of the stomach, small and large intestines -- were placed

on each dog before the long- term experiments and during the short- term

experiments. A study was made of changes of respiration, blood pressure,

and pulse rate, and the gas pressure in the stomach and intestines was

recorded (separately in each section in some experiments; in the others

the sin-he pressure was maintained in all parts of the gastrointestinal tract).

In the first series of experiments respiration was recorded from the

anim;d's chest ("thoracic" respiration) and from the anterior abdominal

wall ("abdominal" respiration); in the last series, from the trachea

through a tracheotomy cannula. In the long-term experiments a record

was also made of the volume of pulmonary ventilation. In all short-term
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experiments and in a number of long-term experiments the blo,0d pressure
was recorded from the femoral artery and its branches by means of _a

mercurial manometer. The experiments were conducted in a pressure

chamber' at both normal and reduced barometric pressure. In all, 67

experiments were performed on 43 dogs.

Experimental Data

The effect of introducing air into the gastrointestinal tract. The aim of

this series of long- term and short- term experiments was to study the

characteristics of simultaneous mechanical stimulation of all parts of the

gastrointestinal tract, similar to that which occurs during barometric

pressure changes. Before administration of air the basic data was recorded

for 2 rain, and then the volume of air recorded by the experimental con-

ditions (:from 1.5 to 10 1 under a pressure of 10--20 mm Hg) was introduced

for a period of 2 rain into the gastrointestinal tract through the fistulas from

a tank _rough a reducer and a gas meter. After this, the fistulas were

closed for 2 min, and the gas remained in the gastrointestinal tract. The

gas was released through the fistulas for 2 rain also. In this series 28

experiments were performed on four dogs.

Data of long-term experiments. In most cases air administration did

not cause any apparent reaction of the animals adapted to the experimental

conditions, and only in some cases, with a gas pressure higher than 20 mm

Hg, did they show behavior changes, ranging from a mild motor reaction

and whirling to vigorous movement.

In 32 cases out of 45: respiration increased in frequency (by 10--55%)

at the beginning of air administration (Table 1); when the gas pressure in

the stomach and intestines increased to 15--20 mm Hg it became slower,

irregular, and uneven, with a drawn- out stepwise expiration. Sometimes

even respiratory arrest was observed for 8-- 10 sec. With the entrance of

gas into the gastrointestinal tract the chest expanded somewhat, and its
respiratory movements became more superficial. The amplitude of the

respiratory movements of the abdominal wall increased sharply at first

and then, when the pressure was highest in the gastrointestinal tract

(15--20 mm Hg), particularly in the stomach, this increase was replaced

by a ma:rked decrease. As soon as some of the air went from the stomach

into the duodenum, which could be judged by the corresponding change in

gas pressure in each of these sections, abdominal respiration again

increased considerably. After introduction of air, in most cases the volume

of pulmonary ventilation increased simultaneously in all parts of the

gastrointestinal tract, chiefly because of increased respiratory rate. When

the gas was released from the gastrointestinal tract the chest assumed its

usual si:_e; the abdominal wall was retracted; abdominal respiration de-

creased markedly, and the depth of thoracic respiratory movements

increased. The respiratory rhythm became regular. Respiration

gradually returned to its initial form (Figure 1). However, cases were

noted (7 out of 45) where air administration was accompanied by reduction

in the frequency and increase in the amplitude of thoracic respiration, as

well as :reduction in the amplitude of abdominal respiration. In 6 cases the

respiration did not change.
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FIGURE 1. Changes in thoracic and abdominal respiration after introduction of air into the

gastrointestinal tract in a long-term experiment of 7 April 1949

Tracing components ( from top down): thoracic respiration; abdominal respiration; gas pressure

in the gastrointestinal tract; marking of the volume of pulmonary ventilation; marking of

stimulation (lst--beginningof air administration; 2nd --cessation of air administration; 3rd--

beginning of its release); time marking, five-second intervals.

In 28 out of 34 cases the pulse rate increased (by 5--30 %) after the

intcoduction of air into the gastrointestinal tract; in 5, it slowed, and in

onE; case remained unchanged (Table 2). After gas administration was

stopped the pulse slowed up somewhat. Its slowing continued even after

the release of the gas from the gastrointestinal tract. Only later did the

pulse gradually return to its initial level.

After introduction of air into the gastrointestinal tract the blood

pr,,_ssure in all 6 experiments rose (by 8, 16, 18, 36, 48, and 66 mm HgL and
the pulse and respiratory waves became smaller. Pressure changes in

the gastrointestinal tract were always accompanied by parallel variations

in respiration, pulse rate and blood pressure level. With release of the

ga.3 the blood pressure returned to the initial level.

It is characteristic that the perfectly distinct changes in respiration,

pu:.se rate and blood pressure were observed equally often in cases of

pronounced motor reactions and of absence of movements. Therefore,

they cannot be explained by the movements of the experimental animals.

Data of short-term experiments. The aim of performing short-term

ext_eriments in this series was to determine the nature of blood pressure

eh_ages under gas pressures of 30 and 40 mm Hg, which could not be

do:ae in long-term experiments because of the marked motor reactions of

the dogs, and to determine the role of the "mechanical" (elevation of the

diaphragm, shift of the cardiac axis, compression of the great vessels of
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Date of

experiment

20 XII 1948

24 XII

8 III 1949

I0 III

12 Ill

15 Ill

17 Ill

19 Ill

22 Ill

24 III

25 Ill

29 Ill

31 Ill

IIV

4 IV

8 IV

9 IV

12 IV

15 IV

19 IV

21 IV

26 IV

30 IV

5V

6V

7V

TABLE 1

Respiratory rate in dogs with introduction of air into the gastrointestinal tract

Name of

dog

AI 'fa

8obik

Barynya {

Bobik

Barynya

Bobik

Barynya

AL'fa

Chernysh

A1 'fa

Respiratory rate per min

by minutes after air administrationControl before

air administra-

tion Ist 2rid

16 20 21

15 16 18

15 15 15

14 18 17

12 18 17

10 12 --

12 15 16 II

12 16 20 15

13 15 13 14

13 15 15 14

15 16 16 15

14 15 14 14

13 14 13 13

12 17 17 16

13 19 25 18

13 17 i6 15

13 18 14 17

13 14 13 14

12 14 16 16

13 13 18 iI

13 18 i0 9

12 16 17 14

14 19 15 15

13 22 23 19

17 19 17 17

17 18 16 21

14 15 16 16

19 21 27 27

19 19 23 22

18 22 23 23

25 27 29 30

24 27 24 27

22 24 22 21

16 17 17 15

20 21 25 26

35 37 41 41

19 23 20 19

62 67 72 78

37 57 69 67

14 14 13 I0

12 15 13 12

31 41 34 18

23 38 46 4O

23 44 47 48

31 39 86 82

3rd 4th 5th

26 23 --

15 -- --

lq 17 12

17 14 --

12 12 12

12 12

12 12

13 14

15 14

14 13

14 14

13 12

17 15

16 14

1:3 13

15 13

13 11

15 12

12 14

10 12

16 13

16 14

20 19

18 14

16 19

13 10

27 24

21 23

21 28

33 28

28 28

25 23

18 18

31 30

47 32

20 21

78 50

-- 29

13 14

14 12

28 15

53 13

53 32

22 15

271



TA BLE 2

Pulse rate in dogs after introduction of air into the gastroin_,,stinM tract

Dat_ of

exper ment

19 HI [949

24 lII

25 HI

29 III

31 III

1 IV

4 IV

8 IV

9 IV

12 IV

15IV

21 IV

26 [%

Bobik

Barynya

Bobik

Barynya

Bobik

8arynya

Name of
Control befor_

dog air administra-

t ion

{ 7o120

120

83

9O

90

100

120

i 105

108

90

90

90

96

102

96

90

102

102

10290

108
109

{ 8_
96

96

[ 96
84

111

{ go102

100120

Respiratory rate per min

lst

by minutes after air

2nd 3rd

85 80 90

160 110 --

140 110 120

80 108 100

I20 120 106

120 126 126

90 78 90

120 126 132

138 126 132

144 144 126

126 120 138

120 120 !)6

I28 120 120

126 -- 120

68 67 64

108 Ii0 120

120 120 96

132 132 120

130 126 120

84 96 108

96 108 102

102 84 108

132 126 108

120 123 120

96 96 80

108 120 138

116 118 110

108 108 108

64 68 72

150 147 114

102 114 9O

114 120 108

120 104 104

112 136 160

administration

4th 5th

120 88

106 96

108 108

90 108

150 120

150 136

120 120

135 105

84 96

I08 102

120 114

64 90

120 102

96 108

108 120

126 108

120 108

90 120

102 108

96 105

126 115

84 96

108 108

116 120

102 90

78 88

132 120

98 80

i14 114

108 120

146 128

272



the abdominal cavity) and reflex components. In short-term experiments

air was administered 74 times in 16 dogs. The experiments were performed

under intravenous urethane anesthesia (0.8--1.0 g of a 20% urethane

solution :per kg body weight).

The introduction of air into the gastrointestinal tract under these conditions

caused in the majority of cases distinct respiratory and blood pressure changes

which were essentially similar to those in long-term experiments. However,

the latent period of the reaction was somewhat longer (as long as 15--20 sec).

In addition, it developed that air administration under great pressure

(30--40 mm Hg) does not cause an initial increase in the respiratory rate,

as we observed under a pressure equal to 10--20mm Hg, but usually slows

it immediately. The increase in frequency sometimes occurred later. As

in the long- term experiments, increased blood pressure was a characteris-

tic react:ion (15 out of 22 cases). In 3 cases it did not change; in 4, it

decreased. Cases of blood pressure reduction coincide with a considerable

reduction in respiratory rate and with apnea, and evidently depend on them.

The blood pressure changes usually began somewhat later than the respira-

tory changes, but both always followed all gas pressure variations in the

gastrointestinal tract (Figure 2).

FIGURE2. Changes in respiration and blood pressure after introduction of air into the gastro-
intestirlal tract in a short-term experiment of 17 May 1949. The order of the tracings is the
same as in Figure 1 but without recording of the volume of pulmonary ventilation.

Introducing the gas separately through the gastric or one of the intestinal

fistulas showed that the greatest changes in respiration and blood pressure

are produced by dilatation of the stomach. This reaction was almost

exactly the same as the response to simultaneous introduction of air into

all 3 fistulas in this experiment.
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In subsequentexperimentsareactionto the introductionof air under
apressureof 10mmHgwith increasedor reducedtoneof thegastrointes-
tinal tract wasdemonstrated.Increasein tonewasproducedbythe
adminis_:rationof smalldosesof acetylcholineor physostigmineintra-
venously;decrease,bythelocalactionof adrenalinor atropine. The
respiratoryandbloodpressurereactionswereof thesametypeandequal
in degreebothafter theincreaseanddecreasein tone,andcorresponded
to theresultsof acontroladministrationof air if thegaspressure
remainedthesame. Hence,thereactionto theair administrationdepends
essentiallyonthepressurecreatedratherthanontheinitial levelof gasto
intestinaltone.

Thenextproblemwasto determinethesignificanceof the"mechanical"
andreflexcomponentsin theoriginof thereactionbeingdescribed.

For 1hepurposeof determiningtherole of the "mechanical" component

the air was introduced with the abdominal cavity widely open and with the

small irtestine exteriorized and placed in a bath containing physiological

saline solution. The experiments showed that the reaction to air adminis-

tration, at leased under the degrees of pressure we created (as high as

10 mm l=[g), remained just as distinct as in the controls, i.e., it cannot

be comFletely determined by mechanical effects on the diaphragm, heart

or grea_ vessels, although a shift of the cardiac axis and an elevation of

the cupcla of the diaphragm sometimes occur, as our separate experiments

with fluoroscopy of the animals showed.

To determine the role of the reflex component of the reaction, air was

administered 35 times after cutting the vagus and splanchnic nerves and

after novocain block of the abdominal nerve plexuses.

Cutting the vagus nerves under the diaphragm led to lesser changes in

respiral:ion and blood pressure from introduction of air into the gastro-

intestinal tract, particularly into the stomach: the first period of slowing

of respiratory depression and fall in blood pressure was eliminated, the

latent period of the respiratory reaction was markedly prolonged, and the

motor reaction of the gastrointestinal tract was less pronounced. It

appears, therefore, that the initial period of respiratory depression and

reduction of blood pressure in the case of introduction of the air is brought

about by the vagus nerves, essentially through the afferent impulses from

the gastric receptors. The second phase of the reaction -- increase of

respiratory rate and elevation of blood pressure -- are produced only partly

by the action of the vagus nerves; after vagotomy the reaction decreased

but never disappeared.

Cutting of the splanchnic nerves altered less than vagotomy the nature

of the respiratory and blood pressure reactions to introduction of air

into the gastrointestinal tract, only slightly lessening it and sometimes

distorting the nature of the changes in blood pressure.

Ever simultaneous section of the vagus and splanchnic nerves did not

complelely prevent changes in respiration and blood pressure from the

introduction of air into the gastrointestinal tract, though it did produce a

marked lessening of the reaction.

Therefore, the splanchnic nerves and vagus nerves were subsequently

cut wit_ simultaneous infiltration of the abdominal nerve plexuses with a

novocain solution. Introduction of air after this caused absolutely no change

in the blood pressure, and a barely noticeable respiratory reaction, which
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couldhavedependedonthepreservationof thephrenicnervesandperhaps
part of theposteriorroot innervation. Thisshoweddefinitelythatthe
reflexmechanismis basicnotonlyin thecaseof localmechanicalstimula-
tionof thegastrointestinaltract, whichhasbeenshownin a numberof
physiologicalinvestigations(Goncharov,1945;Kurtsin, 1952;andothers)
butalsoafter a generalmechanicalstimulationof thetract. Thereaction
beginsnotonlyfrom themucosalreceptorsbutfrom themechanical
receptorsof all layersof thestomachandintestines,as is evidencedby
thefact thatnovocainanesthesiafailedto preventthechangesdescribed.

The effect of gas expansion in the gastrointestinal tract during

barometric pressure changes. In all, 170 ascents were carried out in a

pressure chamber in short- term experiments on 23 dogs. During the

ascent in the chamber barometric pressure was reduced to 354--267 mm

Hg, which corresponded to the pressure at altitudes of 6,000--8,000 m

above sealevel. Establishing these degrees of rarefaction (ascents) took

from 55 sec to 6--7 rain in various experiments, averaging about 2 rain.

After 30 sec of constant rarefaction (plateau) the pressure was brought

back to the initial pressure in 1--2 rain, i.e., sealevet pressure (descent).

In a number of experiments the descent was carried out much more quickly

(in 3--7 sec) by means of a special adaptation. The animals were prepared

for the experiment in the same way as in the short-term experiments of

the previous series. In 56 ascents the animals breathed air, and there

existe.fl the possibility of brief anoxia occurring. During the other 114

ascents oxygen was used, thus eliminating the possibility of anoxia

complicating the effect of expansion of the gas in the gastrointestinal tract.

Evidently, there was no essential difference in the results of the experiments

performed with and without oxygen, because of the brief stay at altitude.

With ascent to altitude the pressure in the gastrointestinal tract

increased by 13--136 mm Hg over the barometric pressure in the chamber,

and it dropped to the pressure level in the chamber on the plateau during

the descent. Not uncommonly, this drop occurred in a stepwise manner,

which was caused by belching and passage of gas through the rectum.

In all experiments the respiratory and blood pressure reactions were

demonstrated distinctly and almost unitypically but to different degrees

(Figure 3). These reactions resembled the changes described above after
introduction of gas under considerable pressure. The greater the rate and

magnitude of the pressure drop, the greater the reaction. Usually the

reaction began shortly after the beginning of the ascent and at the beginning

of the plateau period. Even before descent began the respiration and blood

pressure began to return to the initial level. In the absolute majority of

the experiments (21 out of 23) a slowing of respiration was noted to the

point of brief apnea and reduction of the amplitude of the respiratory

movements. Not uncommonly, respiration became irregular, and inspira-

tion was markedly prolonged. In some experiments apnea lasted 10--17 sec.
In a number of cases the blood pressure increased; in others it decreased

to different degrees, but there was always a reduction in the size of its

respiratory waves. Sometimes the size of the pulse waves was reduced

and the heart rate slowed up. During the descent respiration and blood

pressure returned to the initial level. However, all 5 cases of more rapid

ascents (in 3--7 sec), carried out with 4 animals, resulted in marked

dyspnea, in 2 cases, to a second distinct rise in the blood pressure.

275



Descent

FIGURE 3. Changes in respiration and blood pressure in a dog with ascent to 6000 m.

Experiment of 17 August 1949.

Tracing components( from top down): Respiration; blood pressure; base line of

manometer; altitude marking; time marking.

?IGURE 4. Absence or respiratory and blood pressure changes with drop in barometric

3ressure following novocain block of the vagus and splanchnie nerves and the abdominal

aerve plexuses. Experiment of 17 October 1949.

The order of the tracing components is the same as for Figure 3.
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In experiments performed after maximum prelimina_ry removal of gas

from the gastrointestinal tract the respiration and blood pressure either

did not change at all with reduction of the barometric pressure, or the

reaction was markedly lessened. Conversely, the ascents carried out

after the additional introduction of air into the gastrointestinal tract were

accompanied by a considerable increase in respiratory and blood pressure

changes.
We then, as before, investigated the reaction to ascents after cutting

and novocain block of the nerves and nerve plexuses. In all ascents with

2 animals, carried out after novocaln block of the vagus nerves under the

diaphragm, a considerable reduction of the respiratory changes and a lesser

reduction of blood pressure changes were noted.

Cutting the splanchnic nerves caused a lesser change in the respiratory

reaction _und a greater change in blood pressure. In 4 cases there was no

blood pressure reaction to the 7 ascents carried out after cutting the

splanchnie nerves; in l, the blood pressure rise was hardly noticeable

and in 2 ii; decreased, whereas in the control ascents an increase in the

blood pressure occurred.

Seven other ascents by two animals were carried out after bilateral

novocain block of the splanchnic and vagus nerves and the nerve plexuses

of the abdominal cavity. Of these, in 1 case there was no reaction

(Figure 4); in 3 it was negligible; in the remaining 3, it was much less
than in the control ascent. After the block of the vagus and splanchnic

nerves and nerve plexuses had led to the disappearance of the respiratory

and blood pressure reactions the novocain was washed out of the site into
which it had been infiltrated. The ascents made after this were again

accompanied by distinct respiratory and blood pressure reactions similar
to those which had occurred before the novocain block.

Conclusions

1. Increase in the gas volume contained in the gastrointestinal tract

with reduction of the barometric pressure causes a change in the frequency

and depth of respiration, in the volume of pulmonary ventilation, the pulse

rate, and in the strength of cardiac contraction and blood pressure.

2. The degree and nature of these changes depend on the pressure on

the gastrointestinal wall developing with increase in the gas volume.

3. l_espiratory and circulatory changes occurring from expansion of the

gas in the: gastrointestinal tract during a barometric drop depend mainly
on the mechanism of visceral (interoceptive) reflexes from the mechano-

receptors of the stomach and intestines, and to a much lesser degree on
the mechanical effects on the diaphragm, the position of the heart, and

the lumina of abdominal vessels. The vagus and splanchnic nerves and

nerve plexuses of the abdominal cavity participate in the realization of

these reflexes.

4. The nature and physiological mechanism of the reactions to gas

expansion in the gastrointestinal tract in the presence of barometric

pressure drops should be taken into consideration in the prevention and

the elimination of decompression disorders under conditions of high- altitude

flights and emergence from underwater dives.
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N66-17160
mm

N. A. Afanas'ev and Z. S. Gusinskii

CASE OF LATE MANIFESTATION OF INTRAPULMONARY PRESSURE

(Sluchai pozdnego proyavleniya barotravrny legkikh)

The cases of intrapulmonary pressure trauma with arterial gas embolism

encountered in diving practice occur chiefly when the diving suit and diver's

self- contaiaed gear are used, wherein the person's lungs and the breathing
bags of the apparatus represent a single "apparatus-lung" system.

The case of late manifestation of intrapulmonary pressure trauma being

described is of interest to physicians specializing in physiology and to

diving specialists, and should be taken into consideration in their practical

activity.

On 1 February 1960 a group of divers using self-contained diving gear

were surfacing from a depth of 18.5 m with a stop 13.5 m from the bottom.

One of the light divers had opened the regulating outlet valve of the appara-

tus and dived after washing out the apparatus with oxygen three times as

is required. After rising 2--3 m he felt considerable buoyancy, but held

firmly to the buoy rope with his legs and arms and climbed up slowly. The

diver released the gas mixture from his breathing bag from time to time

through his nose into the space under the helmet; however, the buoyancy

increased rapidly. Not being able to maintain himself any longer, he began

to float up rapidly, sliding along the buoy rope. At 13.5 m he experienced

a "clouding" of consciousness, and becoming separated from the buoy rope,

rose precipitously to the surface. He was pulled out by the instructors

responsible for the safety of the dives, pulled over the rope ladder, and then

he got onto the platform by himself. The GK- 2 diving suit was markedly

inflated in its upper portion (down to the waist), and the regulation outlet

valve in the helmet was closed by the neck strap of the apparatus. The

breathing bag was also inflated. The diver's mouthpiece remained in his
mouth.

The diver was quickly undressed. He offered no complaints; he felt

good. There were no objective signs of sickness.

After completion of his duties the diver was again examined by physicians.

His condition was good; skin and visible mucosae were normal. The pulse

was 58 per min, rhythmical, of satisfactory quality. The heart borders

were within normal limits; heart sounds were pure. The blood pressure

was 110170. The lungs were clear to percussion. Respiration was

vesicular. Reflexes were lively and moderate.

The morning after the dive (16--18 hrs later) the diver felt pains in his

chest on deep inspiration and then muscular pains in the area of the arms

and chest. In the course of time his condition deteriorated: he developed
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headachsanddizziness,weakness,dyspnea,palpitation,and"throbbing"
of his templesonmild physicalexertion; however,hedidnotseekmedical
aid. Only.morethanthreedaysafterthedivedidthedivercometo the
internist.

Onexaminationnoobjectivesignsof pressuretraumawerefound. The
temperaturewas37°; the blood pressure, 140/85--140/90. He was

relieved of duty for two days because of his state of health.

The next morning, after a second consultation, a survey X- ray film

was made of his chest; the film showed indistinct shadows of a gas layer

in both supraclavicular areas between the muscles; on the right these

were in the form of a triangle and on the left, in the form of a strip. The

headache, muscle pains, and dizziness continued.

On 1he basis of subjective complaints and roentgenographic findings a

diagno,3is of intrapulmonary pressure trauma was made, and the patient

was placed in a recompression chamber with a physiologist for therapeutic

recompression.

On 5 February at I2:20 p.m., i.e., 92 hrs after the dive, recompression

was begun. A pressure of 8 atm was created for 20 rain. At the end of the

30 minute period under this pressure the chest and muscle pains, head-

aches and dizziness lessened considerably. After the pressure had been

reduced to 5.5 atm (lst stop) all the pathological signs disappeared. Sub-

sequently, treatment was conducted according t.o routine IV of therapeutic

recompression for intrapulmonary pressure trauma (PVS- 58). To exclude

the po_,_sibility of pneumonia developing during therapeutic recompression,

the patient was given an intramuscular injection of 100,000 IU of penicillin

every .i hrs (total dose, 400,000 IU) and one tablespoon of a 10% CaC12

solution.

After emerging from the chamber the patient complained only of weak-

ness aJld very slight chest pain on deep inspiration. The examination

showed the following: pulse 64 per rain, rhythmic, and of satisfactory

quality; heart sounds pure and clear; blood pressure 120/60; vesicular

respiration normal; body temperature 36.2°C; reflexes lively and

moderate; cranial nerves showed no abnormality.

The patient was hospitalized, given penicillin injections, and oral

administration of CaC12 and Vitamin C and B I. A recheck X- ray film,

made three days after therapeutic recompression, showed that there were

no focal or infiltrative changes in the lungs; the heart was normal and

there were rhythmical contractions. The aorta was normal. The pulse

was 72 per min, of satisfactory quality; the blood pressure was 115155.

The heart sounds were pure. Respiration was normal vesicular,

After six days the patient was discharged from the infirmary in good
condition.

The compression of the regulation outlet valve on the helmet had been

a factcr contributing to the occurrence of intrapulmonary pressure trauma.

As the result of the diver's rapid rise to the surface the pressure in

the apparatus- lung system decreased to a lesser degree than the ambient

pressure (the mouth-piece had stayed put). The outlet valve of the

breathing apparatus had been opened and was in good working order, and

because of its capacity could have provided for the discharge of the

excess gas mixture. The increase in intrapulmonary pressure under

these conditions might have been caused by laryngospasm. However, in
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such a case pronounced clinical manifestations of spasm, inability to carry

out insp;.ration or expiration, asphyxia and severe pain, etc. would have

occurred. In view of the absence of these symptoms the reason for the

increase in intrapulmonary pressure apparently lay in the fact that during

the time the diver floated to the surface the mouthpiece did not leave his

mouth, and the oppression of his tongue against the front teeth could have

almost completely prevented the escape of the expanding alveolar air from

the lungs. The resulting increase of air pressure in the lungs could have

caused tlne pressure trauma. "The clouding of consciousness','" during

ascent to the surface was an expression of pressure trauma.

A characteristic feature of this case is the very [ate manifestation of

signs of pressure trauma. Analysis permits us to draw the following

practical[ conclusions.

i. The first signs of intrapulmonary pressure trauma (such as chest

pains, dizziness, and headache) can occur several hours after the dive

rather than in the first few minutes if there has been very slight injury to

lung tissue. Therapeutic recompression should be conducted in all cases

of intrapulmonary pressure trauma, regardless of the time at which it is

demonstrated.

2. All[ cases in which divers shoot to the surface rapidly during training

and regular diving work should be investigated carefully and repeatedly by

physiologists, even in the absence of subjective complaints by the divers or

objectiw_ signs of injury to lung tissue (cough, chest pain, hemoptysis,

etc.). Since the diagnosis of such cases offers considerable difficulty,

additional methods of investigation, chiefly roentgenography of the chest,

should be used.

If, as the result of the investigation, pressure trauma is ruled out, the

patient should be warned that with the appearance of even very slight

malaise he should immediately go to the physiologists [the actual word

here is "physician- physiologist" ].

3. In carrying out training and regular diving work using diving

equipment it is essential to pay special attention once again to preventing

rapid ascent of the light diver to the surface. The rate of rise along the

buoy rope should not exceed 10--15 m/min.

In cases where the diver cannot prevent rapid rise to the surface he

should eject his mouthpiece and make a complete expiration.

281



N66-17161

Z. S. Gusinskii and A. I. Shvarev

SEVERE SPINAL FORM OF DECOMPRESSION SICKNESS WITH

A FAVORABLE OUTCOME

(Ty_.zhelaya spinal'naya forma dekompressionoi bolezni s blagopriyatnym

iskhodom)

_ne rare cases of spinal form of decompression sickness encountered

in divers deserve careful study. In the past 12 years four divers were

seni to the Clinic of Nervous Diseases of the Military Medical Academy

ira. Kirov, for treatment of spinal cord lesions in decompression sickness.

One of these cases was distinguished both by the conditions of occurrence
and the characteristics of the course of the sickness.

_._he diver had suffered a very severe spinal form of decompression

sickness in the acute period, complicated by a pulmonary lesion, burns

on the body, bedsores, and cystitis. Despite this, the outcome was quite

favorable because of comprehensive and prolonged treatment.
:Vne distinctive nature of the occurrence and course of the disease in

this case is, we believe, associated with certain individual characteristics

of the diver.

We should like to give a brief description of the circumstances of the

occ'Jrrence and course of the sickness in diver A. who underwent planned

training in a recompression chamber on a training ship for divers.

Three divers, healthy according to all signs, entered the chamber at

2:19 p.m., and the pressure was raised to 6 atm in 8 min. They remained

under this pressure for 21 rain, after which the pressure was reduced to

1.8 aim. Subsequently, decompression was carried out according to

schedule. During the pressure rise the divers felt well,

,kfter 3--2.5 atm of decompression diver A. felt pain in the neck region
and fo_'mication in the lower extremities. However, he ascribed no

importance to this, considering these sensations to be the result of the

uncomfortable position of his body in the chamber. After changing his

position the pains and paresthesias disappeared, but a feeling of a certain

degree of numbness of the lower extremities persisted until the end of

decompression.

.after the completion of the training session two divers felt well, and

did not complain of anything. Diver A. noted severe constricting chest

pains and a reduction of sensitivity in the lower half of the body immediately
after emerging from the chamber (at 4:30 p.m.). At the same time, weak-

ness in the lower extremities caused him difficultues in emerging from the

chamber.

At 5:25 (i. e., 55 min after leaving the chamber) A. was again put into

the chamber for therapeutic recompression. The elevation of the pressure

1452
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to 1.5 a1:m led to a considerable improvement in his condition, and at a

pressure of 3.0 atm the symptoms of decompression sickness disappeared:

the diver stated that he felt well, made movements with his upper and

lower extremities in the chamber, and at 6:10 p.m. he ate supper.

Decompression was carried out without any deviation from the prescribed

routine. However, at I0:35 p. m., during his stay under a pressure of

0.9 atm, his condition deteriorated markedly: pain developed in the chest,

and there was a numbness of the skin of the lower extremities, trunk,

neck, and occiput. The pressure was raised to 5.0 atm. No improvement

occurred in the diver's condition; he developed signs of paralysis of the

lower extremities. At II:26 p.m. the pressure in the chamber was raised

to 7.0 arm. In accordance with the routine, following a 50 minute stay

under a pressure of 7.0 atm, it was reduced to 5.5 atm. No changes were

noted in the patient's condition.

Upon arriving at the scene of the accident at 12:ll a. rn. the physiologist

found that the lower extremities were paralyzed and that there were signs

of a pulmonary lesion. On his advice, the pressure was again raised to

7.0 atm, then to 8.0, and even to 9.0 arm. No improvement occurred in

the patient's condition. At the maximum pressure, signs of pronounced

nitrogen anesthesia developed. The subsequent therapeutic decompression

was carried out according to a special routine (No. 8) with an increase in

the final stages by 2--3 hrs. There was improvement in the patient's

condition. At 3:05 a.m. the diver, making an attempt to turn over, fell

out of bed, and because of the paralysis of his lower extremities, could

not get up and remained lying on the hot deck}. Measures were taken

for setting up equipment so that the physician could enter the recompression

chamber (a rescue ship went to a plant where an air lock was made and

attached to the chamber hatch).

At 8:I0 the physician entered the chamber; here he diagnosed paralysis

of the lower extremities, paresis of the upper extremities, pulmonary

infarctions, complicated by bilateral pneumonia and extensive second--

third degree burns of the buttocks, sacrum and sc&pula (as the result of

lying on the hot deck. The physician applied dressings to the burns,

catheterized the patient (because of urinary retention), injected tetanus

antiserum, camphor, caffeine, pantopon, penicillin (a total of 800,000 IU)

and streptomycin (500,000 units).

Decompression was completed at 5:50 a.m. on 22 November; the

patient was brought out of the chamber and sent to the hospital.

The patient's condition was serious. The pulse rate was 100, and the

pulse was rhythmical. The heart sounds were considerably muffled.

There were alargenumber of dry and moist rales in the lungs; there was

constipation and urinary retention.

There was a second--third degree burn of 15 X 18 cm on the skin of the

left buttock; in the scapular regions second degree burns of 7 )< 12 cm

and 2 )<5 ca. The total area of the burns was 350 sq. cm (5% of the body

surface}. On the skin of the right buttock there was a first degree burn,

i0 X 5 ca, with uneven edges.

Neurological status. The patient was conscious, and showed no

speech disorder. A nonpersistent horizontal nystagmus was found. The

functions of the other cranial nerves were intact. The upper extremities

showed no signs of paresis, l_eflexes in the upper extremities were

lively and equal on both sides. All types of sensation were reduced in the
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right upper extremity in the area of segments C7--C8 The abdominal

reflexe_ were markedly reduced; it was possible to elicit only the upper

abdomir_al reflexes. The patient showed an intense paraparesis of the

lower extremities; only very slight movements of the toes and ankle joint

on the left were possible. On attempting to move the other joints, a

barely noticeable contraction of the musculature of the lower extremities
was observed, The tone of the lower extremities was reduced, particularly

on the right. The knee and ankle reflexes were absent. There were bilateral

Babinski signs and an Oppenheim sign on the right, and hypalgesia down-

ward from the D 6--D 8 levels on both sides, which gradually changed to

analgesia in the lower segments. A disorder of heat sensation also existed

in the same area. Touch, two- point touch and proprioceptive sensation

were intact.

Therefore, the history of the sickness and the objective findings after

completion of therapeutic recompression permitted the diagnosis of a

severe form of decompression sickness with involvement of the spinal

cord (tY_emain focus was at the D 6 --D 8 level, and there were scattered

foci in 1:heupper thoracic and cervical segments), complicated by bilateral

bronchopneumonia and second--third degree skin burns. The possibility

that there were small pulmonary infarcts was not ruled out.

What: caused the severe illness in diver A. ? A study of his diving and

medica: records showed that there had been no violations of the decompres-

sion routine after the diver had been in the chamber at a "depth" of 60 m.

This is also evidenced by the absence of disorder in the other two divers

who had been in the chamber with the patient. Therefore, the reasons for

the occurrence of caisson sickness during the decompression must be

connected the individual characteristics of the patient or with the random

localization of gas bubbles in the spinal cord.

During 1959, Diver A. had participated constantly in diving operations,

althoug:a these were in shallow water (the greatest depth had been 31 m), and

had spent 143 hours in diving practice. Therefore, it was hardly logical

to consider that the predisposition of diver A. to decompression sickness

was related to his insufficient training for being under higher pressure.

UndoubLedly the delayed onset of therapeutic recompression (after 55 rain)

contributed to the development of the severe form of the sickness; there-

fore, subsequent proper treatment could no longer assure the diver's

complete cure.
As Y_as been mentioned, the condition of the patient upon hospitalization

was serious. The fact that in transverse lesions of the spinal cord

trophic disorders of the skin occur, indolent decubiti appear, and that
infection of them can cause sepsis was worrisome. The second danger

for such patients is constituted by urinary tract complications, because

pyogen::c infections can develop in connection with urinary disorders and

the need for frequent catheterization.

In this case prognosis was made worse by the fact that involvement of

the spinal cord was combined with a disease of the lungs (bronchopneumonia)

and burns (undoubtedly infected). Only comprehensive and vigorous

treatment for a long period led to the elimination of the complications and

considerable recovery of the loss of spinal cord functions. Beginning with

the fir_,_tday, antibiotics were prescribed for the patient (penicillin and

streptomycin); he was given cardiac agents (camphor, coramine and
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caffeine]; VitaminsC, B1, andBI2, strychnine,prostigrnine,and
calciumgluconate,aswellasbloodtransfusion,andinfusionof physiologi-
cal salinesolution.

On29Novemberthepatientdevelopedmild activemovementsin all the
joints of bothlowerextremities. Thenextdayhedevelopedanallergic
reactionwithpronouncedurticaria, edema,andswellingof the joints.
DiverA. still hasurticaria at times, butit hasoccurredin amilder form.
Wewantto drawattentionto this characteristicof thepatient,which,we
believe,playedapart in thepathogenesisof thedecompressionsickness
whichdeveloped.Penicillinandstreptomycinewerestopped,andtetra-
cycline, benadrylandcalciumchloridewereprescribed. On3December
theurticaria disappeared.

On4:Decembermassageandpassivegymnasticsfor thelower
extremitieswereprescribed. On8 Decemberanecretomyof theburn
surfacewasperformedin theareaof the left buttock.

On16Decemberthepatient'sconditiondeteriorated. Thetemperature
was38.3°. A right-sidedbronchopneumoniawasdiagnosed.Sulfathiazole
andstreptomycinwereagainprescribed. By 6Januarytheinfiltration
of theright lunghaddisappeared,judgingbytheX- ray film, and the

fever had become low- grade.

By 19 January the range of active movement in the lower extremities

had increased to such a degree that the patient was permitted to get out of

bed three times a day and to take several steps near the bed.

On 27 January streptomycin was stopped; the next day an allergic

reaction recurred with urticaria and elevation of the temperature to 39.0;

by 3 February multiple itching hives appeared, and the patient could not

urinate because of edema of the prepuce. Catheterization was performed

and calcium chloride and benadryl were given followed by prednisolone
and calcium chloride.

On 4 February the urticaria disappeared but on the next day the patient

developed a chill and in the evening had a temperature of 40.5 ° . He

passed a large quantity of bloody urine. A diagnosis was made of cysto-

pyelitis and a septic state. A Staphylococcus albus insensitive to penicillin,

aureomycin, levomycetin [laevo-rotary chloramphenicol] and streptomycin

was isolated. On cystoscopy signs of acute hemorrhagic cystitis were found.
A second course of tetracycline treatment was begun (200,000 units four

times a ,:lay).

On 25 February 1960 the patient was transferred to the Clinic of Nervous

Diseases of the Military Medical Order of Lenin Academy ira. Kirov.

The following is the abstract of his case history, No. 14021727 (clinic).

Neurological examination: pupils regular, reaction normal; mild

nystagmoid jerks of the eyeballs on extreme deviation; the other cranial

nerves were normal.

Upper extremities showed no signs of paresis; the abdominal reflexes

could nol_ be elicited. The knee and ankle jerks were very active, more

on the right side; ankle and patellar clonus was found. Muscle tone in the

lower extremities was increased. Positive Babinski, Bekhterev,

Rossolimo, Zhukovskii, Oppenheim and Gordon signs were observed on

both sides. Active movements were made satisfactorily in all joints of the

lower extremities but they were weak; dorsiflexion of the feet was

particularly difficult. The extended lower extremities could be raised

above the bed at an angle of 45 °. The patient could walk if he held on to

nearby objects.
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Ther_wasanalgesiaandtemperatureanesthesiaof thefeet andlegs
(ashighasthekneejoints)anda reductionof thesametypesof sensation
onthethighs. Proprioceptionandtouchsensationwereintact. Pelvic
functions:periodicurinary incontinencewithsignsof cystitis and
constipation.

Theheartborderswerewithinnormallimits onpercussion;heart
soundswerepure; pulsewas88permin; bloodpressure120/80mm.
Thebreathingsoundsin the lungswerevesicular. Theabdomenwassoft
andtenderin thegallbladderregion.

Ontheleft buttocktherewasa cleangranulatingwound9 X 8 cm in

size. hi the area of the greater trochanter on the right there was a

decubitus of 3 X 4 cm with necrosis of the skin. Somewhat above itthere

was a small fresh decubits, 1 × 1 cm.

The patient was treated in the clinic from 26 February through 1 July.

In this time his condition improved considerably. Before discharge he

walked _bout freely without a cane and climbed three flights of stairs by

himself; his urination had become normal and he was not troubled by

constip&tion. The decubiti and burns healed. The signs of cystitis were

eliminated.

During his stay in the clinic the patient was given varied drug treatment,

including antibiotics, nystatin (because of aphthous stomatitis), vitamins,

injections of aloe, protigrnine, dibazole, and others, as well as massage

and therapeutic gymnastics for the lower extremities.

He was discharged on 1 July w_th mild residual signs of a spastic

parapar_sis of the lower extremities and reduced sensation on the skin of

the lower extremities. The internal organs showed no pathological features;

blood and urine analyses were normal. The patient went to the sanatorium

by himself for further treatment.
In conclusion we should like to dwell once again on a characteristic

feature _f the case described: the patient was predisposed to allergic

reactions from various causes, expressed in urticaria, mild edema, and

joint pains. The occurrence and severity of the decompression sickness

in diver A. (while his two comrades remained well under the same

conditio3s) are apparently explained not only by air embolism of the spinal

cord bul also by the appearance of extensive edema according to the

mechanism of an allergic reaction. The combination of these pathogenetic

factors were responsible for the high degree of spinal cord involvement

in the iritial period, which was aggravated by the late onset of therapeutic
recompression. Elimination of the reactive edema led to a very great

recovery of the spinal functions. We have not seen such a definite recovery

from the disorders in cases of "pure" air embolism of the spinal cord in

decompression sickness. The relatively favorable outcome of the sickness

permits us to believe that in this case the spinal cord involvement was

caused not only by loci or necrosis but also by the edema and other
reversible vasomotor disorders.

On the basis of the etiological analysis of this case, we would call the

attention of physicians selecting candidates for diving work and observing

their st:_te of health to the need for a careful study of the autonomic-

vasomolor functions, and, particularly, the detection of persons with a

tendency toward vasomotor- allergic reactions.
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INCREASED INDIVIDUAL PREDISPOSITION OF A SUBJECT TO THE

EFFECT OF HIGH PARTIAL OXYGEN PRESSURE

(O povyshennoi individuaL'noi predraspolozhennosti ispytuemogo k

deistviyu vysokikh partsial'nykh davlenii kisloroda)

As is well known, one of the signs of the toxic effect of increased oxygen

pressure may be concentric constriction of peripheral visual fields, usually

regarded as the result of spasm of the retinal vessels. However, this

disorder was noted only after the prolonged effect of high partial oxygen

pressure. Thus, Behnke, Forbes and Motley (1936) described such constric-

tion in subjects after a three- hour stay under a pressure of 3 atm of pure

oxygen.

Under the influence of lower oxygen pressures used for ordinary diving

work, such a disorder has not been described. In 1959, we made a special

measurernent of peripheral visual fields of 10 divers before and after

descent to different depths in a recompression chamber. Using a perimeter

and the generally accepted method, no pronounced changes in the peripheral
vision were found.

In only one subject was it possible to observe a considerable concentric

constriction of peripheral visual fields. In 1954, N. T. Koval' and V. V.

Smolin had noted a brief loss of vision in this subject after a dive to 100 m

under marine conditions. However, no special study was made. In

subsequent years the diver participated in dives to depths of up to 100 m

and did not notice any pronounced visual disorders. He was not permitted

to participate in dives in which high partial oxygen pressures were used

for a long time.

In the case being described the diver participated in a "descent" in a

dry pressure chamber with a maximum pressure of 120 m H20. He

remained at this pressure for 30 rain with subsequent long-term decom-

pression for 5 hrs and 38 rain. During the period spent under maximum

pressure and in the initial stage of decompression to the 60 m level, the

diver breathed an enriched air-helim mixture (13 % oxygen, 25 % nitrogen,

62% helium) and then air; beginning with a 20 m stop, pure oxygen. A

barogram of partial oxygen pressures during the descent is shown in

Figure 1, I. At the 14 m level, 57 rain after switching over to breathing

pure, oxygen, the diver had a "screened shroud" before, his eyes, particular-

ly the right. With further reduction of the pressure this sensation

decreased somewhat; however, it remained even after the conclusion of the

decompression. Three minutes after emerging from the chamber the

diver was examined with the use of a perimeter. A considerable concentric
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cortztriction of the peripheral visual field was found, from which the

patien_ recovered almost completely after 40 min (Figure 2, I).

E 10

= OZ
0 I Z .1 ,_ $ 6

i 'at

021 , , , ,
O I 2 3 _ 5 6 7 8 9

Time (in hrs)

FIGURE 1. Barogram of partial oxygen pressures in the deepwater diving routines used

l--routine of 120 m for 30 rain of continuous oxygen decompression; II--routine of 140 m for

30 rain of oxygen decompression, with three intervals using air. The arrow designates the

time of occurrence of the subjective visual changes.

As experimental data on animals show (Lembertsen, 1955), an

effective method for reducing the toxic effect of oxygen is to create inter-

vals in which air is used during the breathing of pure oxygen under pressure.

These "air interruptions" of the oxygen phase of decompression began to be

used in diving practice also, on the suggestion of Z.S. Gusinskii and

V. V. Smolin. In this connection, it was interesting to check the effective-

ness of "air interruptions" in the oxygen phase of decompression of the

same diver.

A descent was carried out in a pressure chamber with a 30 minute stay

under the maximum pressure of 140 m H20 and subsequent decompression

for 8 hrs and 18 min. During the period under maximum pressure and in

the initial stage of decompression to the 60 m stop, the diver breathed a

heliu:za- oxygen mixture (8.5% oxygen), then air, and, beginning with the

20 m stop, pure oxygen. During oxygen decompression 3 "air interruptions"

were made, 14 rain each. A barogram of the partial oxygen pressures is

show:a on Figure 1, II.

During the course of decompression at the 10 m stop 2 hrs and 9 rain

after switching over to breathing oxygen, the diver also developed a sensa-

tion of a "small screened shroud" before his right eye, which was

maintained during the entire subsequent decompression. Three minutes

after emerging from the chamber the diver was examined with the use of

a pezimeter. A concentric constriction of the peripheral visual field of the

right eye was found (Figure 2, II). After 50 mha his vision was recovered

completely.
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FIGURF 2, Results of determination of peripheral visual field of a diver before and after a

"deep-water" dive in a dry pressure chamber

I--with ordinary oxygen decompression; II--with oxygen decompression and three intervals

with air.

On comparison with previous studies, constriction of the peripheral

visual fields appeared in only one eye and was much less pronounced;

it disappeared completely, despite the long period of oxygen decompression

(210 instead of 190 min). It should be noted that subjective sensations

appeared in the last descent to a lesser degree and at later periods after

switching over to breathing oxygen (after 129 instead of 57 rain).

Conclusions

1. Persons with greater individual predisposition to the action of high

oxygen pressures may be encountered among divers. This indicates the

need for working out the method for making a specific medical selection
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of the divers. One of these methods may be the determination of the

peripheral visual fields after the use of increased oxygen pressures.

2. The case presented showed the::expe4ieney of using "air interruptions"

during oxygen decompression with itbe aim of reducing the toxic effect of

oxygeza.
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